The 

ENCYCLOPEDIA 

of 

SPECTROSCOPY 


Edited  by 

GEORGE  L.  CLARK 

Research,  Professor  of  Analytical  Chemistry,  Emeritus, 
University  of  Illinois,  Urbana,  Illinois 


REINHOLD  PUBLISHING  CORPORATION,  NEW  YORK 
CHAPMAN  &  HALL,  LTD.,  LONDON 


Copyright  ©  1960  by 
EEINHOLD  PUBLISHING  CORPORATION 


Att  rights  reserved 


Library  of  Congress  Catalog  Card  Number  60:53028 
Second  Printing,  March,  1961 


Printed  in  the  United  States  of  America  by 
THE  WAVERLY  PRESS,  INC.,  BALTIMORE,  MD. 


CONTRIBUTING  AUTHORS 


N.  L.  ALPEET 

The  White  Development  Corp. 
SANFOED  M.  AEONOVIC 

American  Cyanamid  Company 
AENO  ABBAK 

Grumman  Aircraft  Engineering  Corp. 

B 

ALBEET  V.  BAEZ 

Smithsonian  Astrophysical  Observatory 
GIZELLA  D.  BAKEB 

Edsel  B.  Ford  Institute  for  Medical  Re- 
search 
BANI  R.  BANEEJEE 

Crucible  Steel  Company  of  America 
CHAELES  V.  BANKS 

Iowa  State  University 
WILLIAM  T.  BEHEE 

Edsel  B.  Ford  Institute  for  Medical  Re- 
search 
EDMUND  S.  BEECHEBT,  JE. 

University  of  Illinois 
JOHN  L.  BINDEE 

Firestone  Tire  &  Rubber  Company 
L.  S.  BERKS 

U.  S.  Naval  Research  Laboratory 
JEAN  BLAISE 

Ldboratorie  Aime  Cotton-Centre  National 

de  la  Recherche  Sdentifique,  France 
AAEON  L.  BLUHM 

Quartermaster  Research  and  Engineering 

Center,  U.  S.  Army 
MEELE  L.  BOWSES 

U.  S.  Bureau  of  Mines 
JAMES  K.  BEODT 

Argonne  National  Laboratory 
J.  F.  BEOWN 

Ferro  Enamels,  Ltd. 
B.  E.  BUELL 

Union  Oil  Company  of 


H.  J.  CANNON 

Shell  Oil  Company 
E.  G.  CAELSON 

Shell  Oil  Company 
NUGENT  F.  CHAMBEELAIN 

Humble  Oil  &  Refining  Company 
G.  L.  CLAEK 

University  of  Illinois 
ROBEBT  P.  CLAEK 

University  of  Illinois 
FOEBEST  F.  CLEVELAND 

Illinois  Institute  of  Technology 
L.  E.  COPELAND 

Portland  Cement  Association 


CHAELES  R.  DAWSON 

Columbia  University 
JOHN  A.  DEAN 

University  of  Tennessee 
R.  L.  DEEM 

Eastman  Kodak  Company 

P.   DUNCUMB 

University  of  Cambridge,  England 

D.   DUTINA 

Knolls  Atomic  Power  Laboratory 
RUDOLPH  DYCK 
Sylvania  Electric  Products,  Inc. 


JOHN  P.  FAEIS 

Argonne  National  Laboratory 
V.  A.  FASSEL     • 

Iowa  State  College 
CYRUS  FELDMAN 

Oak  Ridge  National  Laboratory 

ROBEBT  B.   FlSCHEB 

Indiana  University 
ROBEBT  C.  FBANK 
•  Sfy^M*°$S!8*  tySSJffSb*  Laboratories 


ui 


Contributing  Authors 


R.  A.  FRIBDEL 

U.  S.  Bureau  of  Mines 


W.  S.  GALLAWAY 

Beckman  Instruments,  Inc. 
MARVIN  C.  GARDELS 

Massachusetts  Institute  of  Technology 
PAUL  D.  GARN 

Bell  Telephone  Laboratories 
FRANK  C.  GIBSON 

U.  S.  Bureau  of  Mines 
PAUL  T.  GILBERT,  JR. 

Beckman  Instruments,  Inc. 
E.  L.  GUNN 

Humble  Oil  &  Refining  Company 

H 

T.  P.  HADJHANNOU 

University  of  Thessaloniki,  Greece 
D.  B.  HARRINGTON 

The  Bendix  Corporation 
A.  HOOD 

Shell  Oil  Company 
H.  P.  HOUSE 

Oak  Ridge  National  Laboratory 
CURTIS  J.  HUMPHREYS 

U.  S.  Naval  Ordnance  Laboratory 
J.  K.  HURWTTZ 

United  States  Steel  Corporation 


RICHARD  F.  JARRELL 

Jarrett-Ash  Company 
CHARLES  Y.  JOHNSON 

U.  S.  Naval  Research  Laboratory 
R.  W.  B.  JOHNSTON 

Shell  Oil  Company 
R.  NORMAN  JONES 

National  Research  Council,  Canada 

K 

WILBUR  KATE 

Beckman  Instruments,  Inc. 
R.  J.  KEIRS 

Florida  State  University 


R.  E.  KITSON 

E.  I.  du  Pont  de  Nemours  &  Company,  Inc. 
S.  KRIMM 

University  of  Michigan 


STANLEY  H.  LANGER 

American  Cyanamid  Company 
ANDERS  H.  LAURENE 

#.  J.  Reynolds  Tobacco  Company 
ROBERT  BRUCE  LEBLANC 

The  Dow  Chemical  Company 
J.  A.  LEYS 

Eastman  Kodak  Company 
C.  A.  LUCCHESI 

The  Sherwin-Williams  Company 
R.  J.  P.  LYON 

Stanford  Research  Institute 

M 

JAMES  D.  McGiNNESS 

The  Sherwin-Williams  Company 
HOWARD  V.  MALMSTADT 

University  of  Illinois 
JOHN  MARLING 

Jarrell-Ash  Company 
J.  M.  MARTIN,  JR. 

Shell  Oil  Company 
CHARLES  M.  MASON 

U.  S.  Bureau  of  Mines 
W.  B.  MASON 

University  of  Rochester  School  of  Medicine 

and  Dentistry 
J.  W.  MELLICHAMP 

U.  S.  Army  Signal  Research  and  Develop- 

ment  Laboratory 
M.  G.  MELLON 

Purdue  University 
OSCAR  MENIS 

Nuclear  Materials  and  Equipment  Corpora- 
tion 

R.  G.  MILKEY 
BETTY  J.  MITCHELL 

Union  Carbide  Metals  Company 

A.  J.   MlTTELDORF 

Spex  Industries,  Inc. 


IV 


Contributing  Authors 


OEREN  MOHLER 

University  of  Michigan 
T.  D.  MORGAN 

Phillips  Petroleum  Company 
JOHN  E.  MURPHY 

Borg-Warner  Coporation 

N 

E.  R.  NIGHTINGALE,  JR. 
University  of  Nebraska 


ROBERT  T.  O'CONNOR 

U.  8.  Department  of  Agriculture 
JEROME  W.  O'LAUGHLIN 

Iowa  State  University 
M.  J.  O'NEAL 

Shell  Oil  Company 


JONATHAN  PARSONS 

Edsel  B.  Ford  Institute  for  Medical  Re- 
search 
J.  E.  PATERSON 

Westinghouse  Electric  Corporation 
PERKIN-ELMER  CORPORATION 


N.  A.  RENZETTI 

Air  Pollution  Foundation 
FRANK  E.  RBSNIK 

Philip  Morris  Research  Center 
DAVID  R.  RHODES 

University  of  Illinois 
JOHN  M.  RICHARDSON 

National  Bureau  of  Standards 
J.  W.  ROBINSON 

Esso  Research  Laboratories 

E.  J.  ROSENBAXTM 

Drexel  Institute  of  Technology 
C.  P.  Ross 
E.  I.  duPont  de  Nemours  &  Company 


RICHARD  H.  SANDS 
University  of  Michigan 


WILLIAM  SEAMAN 

American  Cyanamid  Company 
PAUL  J.  SECREST 

The  Sherwin-Williams  Company 
A.  G.  SHARKEY,  JR. 

U.  S.  Bureau  of  Mines 
W.  M.  SHAW  (Retired) 

University  of  Tennessee  Agricultural  Ex- 
periment Station 
EDWARD  0.  SHERMAN,  JR. 

University  of  Illinois 
CLARA  D.  SMITH 

Consulting  Chemist  and  Spectroscopist 
D.  C.  SPINDLER 

Ferro  Corporation 
GEORGE  R.  STARK 

The  Rockefeller  Institute 
JAMES  E.  STEWART 

Beckman  Instruments,  Inc. 
G.  K.  STROTHER 

Pennsylvania  State  University 


BARBARA  A.  THOMPSON 
General  Electric  Company 

FRED  TIVIN 

University  of  Illinois 

F.  S.  TOMKINS 
Argonne  National  Laboratory 

W.   M.   TUDDENHAM 

Kennecott  Copper  Corporation 

U 

WILLIAM  F.  ULRICH 
Beckman  Instruments,  Inc. 


THOMAS  J,  VELEKER 
Sylvania  Electric  Products,  Inc. 

W 

W.  M.  WARD 

Beckman  Instruments,  Inc. 
C.  L.  WARING 

U.  S.  Department  of  the  Interior 
Geological  Survey 


Contributing  Authors 

WILLIAM  H.  WASHBURN  STEPHEN  E.  WIBERLEY 

Abbott  Laboratories  Rensselaer  Polytechnic  Institute 

SEYMOUR  WEINER  LEE  R.  WILLIAMSON 

The  White  Development  Corp.  S.  C.  Johnson  and  Son,  Inc. 

ERWEST  K  WEISE  W.  J.  WITTIG 

University  of  Illinois  Haynes  Stellite  Company 

I.  WENDER  J.  J.  WOLKEN 

U.  S.  Bureau  of  Mines  University  of  Pittsburgh  School  of  Medicine 
KERMIT  B.  WHETSEL 

Tennessee  Eastman  Company  ^ 

JOHN  TJ.  WHITE  T.  H.  ZINK 

The  White  Development  Coporation  Vitro  Chemical  Company 


VI 


PREFACE 

So  stimulating  and  gratifying  were  the  experiences  in  "calling  the  signals"  for  the  team 
of  experts  who  created  the  "Encyclopedia  of  Chemistry"  (1957)  and  the  "Supplement" 
(1958)  that  the  same  idea  of  encyclopedic  coverage  and  integration  of  scattered  and  diver- 
sified subject  matter  in  other  rapidly  expanding  areas  of  science  seemed  a  most  logical 
sequel  and  an  invitation  to  further  useful  service.  An  incidental  bonus  from  experiences  in 
putting  Chemistry  between  the  covers  of  a  single  volume  plus  a  Supplement  was  the  rev- 
elation of  a  number  of  more  clearly  specialized  topics,  each  of  which  by  virtue  of  vigorous 
growth  and  resultant  scattered  sources  of  current  information  was  a  choice  candidate  for 
this  same  procedure  of  collecting,  organizing,  presenting  in  brief  but  lively  form,  and  in- 
tegrating into  a  1960  unified  reference  mosaic. 

Two  long-known  but  ever  new  examples  of  instrumentation  for  observation,  identifica- 
tion and  analysis  not  only  by  chemists  but  by  scientists  in  many  other  disciplines,  stood 
out  among  many  possibilities  as  being  ripe  for  just  such  a  treatment.  Which  should  we 
choose  for  the  first  effort — spectroscopy  or  microscopy?  When  outlines  were  prepared,  the 
recent  literature  surveyed,  and  the  wishes  and  opinions  of  well-qualified  scientists  sought, 
it  became  clear  that  both  of  these  two  instrumental  areas,  each  with  a  multiplicity  of 
different  techniques,  were  growing  vigorously  from  classical  origins  and  early  histories 
often  in  parallel  channels,  often  intimately  in  contact  or  even  almost  inextricably  inter- 
woven (such  as  infrared  microscopes  for  microspectrophotometers,  electron  microscopic 
sources  for  microprobe  x-ray  spectrometry  or  spectroscopic  monochromators  for  micros- 
copy). Both  are  characterized  by  recent  development  of  entirely  new  techniques  and  new 
instruments,  which  in  turn  have  served  to  rejuvenate  to  an  astonishing  degree  such  rela- 
tively antique  methods  as  those  employing  the  light  microscope  like  that  built  by  Leeuwen- 
hoek  more  than  three  centuries  ago  or  Bunsen's  emission  spectroscope  a  century  ago. 

It  is  not  surprising,  then,  that  we  have  presided  at  the  birth  of  twin  one-volume  ency- 
clopedias. With  the  same  general  ideas  and  ideals  which  characterized  the  earlier  chemical 
encyclopedias,  a  team  of  spectroscopists  and  another  team  of  microscopists  were  called 
upon  to  create  these  two  new  encyclopedias  simultaneously  in  less  than  two  years.  These 
are  to  be  sources  of  information  for  all  inquisitive  scientists — novices  and  experts — and 
intelligent  laymen  to  look  to  for  a  picture  of  two  indispensable  groups  of  testing  and  re- 
search tools  and  the  scientific  structures  built  with  them,  as  complete  and  carefully  blended 
as  humanly  possible. 

A  considerable  number  of  authorities  from  other  countries  accepted  the  invitation  to 
participate  in  the  Encyclopedias  of  Spectroscopy  and  Microscopy;  they  have  made 
notable  contributions  and  given  a  world-wide  scope  to  this  undertaking.  As  an  example 
there  is  an  article  from  Holland  in  which  six  kinds  of  microscopy  are  applied  to  every 
kind  of  fiber,  pulp  and  paper,  and  plastic. 

Of  course  single,  extremely  well-trained,  and  experienced  authors  might  be  able  to  write 
better  integrated  texts  in  unified  style  on  these  subject  areas,  avoiding  duplication  and 
gaps.  But  it  is  difficult  to  imagine,  in  these  days  of  clinical  instead  of  individual  ap- 
proach to  such  projects,  that  a  single  author  or  a  small  group  of  co-authors  could  present 
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twenty-three  kinds  of  spectroscopy  or  twenty-six  kinds  of  microscopy,  applied  in  manifold 
ways  in  chemistry  (especially  analytical  spectra  and  chemical  spectroscopy),  physics,  all 
branches  of  biology,  medicine,  metallurgy,  geology  and  mineralogy,  ceramics,  agronomy, 
electrical  engineering  and  electronics,  the  petroleum,  chemical,  pharmaceutical  and  other 
industries. 

It  is  obviously  difficult  to  unify  and  integrate  over  three  hundred  articles  on  spectros- 
copy and  microscopy  written  by  scores  of  distinguished  scientists.  But  each  one  represents 
the  knowledge,  experience  and  spirit  of  a  true  spectroscopist  or  microscopist  who  might 
be  in  any  one  of  the  diverse  fields  of  science  just  mentioned.  For  each  scientist  chooses  one 
or  more  techniques  to  apply  uniquely  to  a  research  program,  and  though  he  be  a  chemist 
or  biologist  or  metallurgist,  he  masters  the  instrumental  tool  to  meet  a  specific  need,  and 
so  becomes  a  creative  spectrographer  or  micrographer — not  just  a  technician  or  a  mere 
puncher  of  buttons  on  an  automatic  machine  which  registers  data,  computes  results  and 
controls  processes  on  stream.  How  could  a  compiler  of  a  text  know  the  inner  thoughts  and 
hopes  of  an  electron  micrographer  who  in  the  far  North  built  an  igloo  with  a  hole  in  the  roof 
to  collect  snow  crystals  for  the  study  of  the  nuclei  which  caused  them  to  form  in  fantastically 
beautiful  hexagons?  Or  how  could  he  know  that  the  first  idea  of  an  electron  microscope, 
never  recorded  in  a  publication,  probably  came  30  years  ago  to  a  distinguished  electrical 
engineer  in  Germany  under  the  compulsion  of  the  anguished  hope  of  seeing  the  virus  which 
caused  dreaded  polio  in  his  3-year  old  child?  For  somehow  conveyed  in  each  of  the  articles 
is  not  only  entirely  new  and  previously  unpublished  material,  but  also  an  individuality  and 
the  evidence  of  dedication,  and  the  spirit  of  cooperation  which  transcend  any  deficiencies 
arising  from  a  mosaic  coverage  of  topics.  The  two  collections  of  articles  speak  for  them- 
selves,  and  eloquently  for  the  modern  status  of  microscopy  and  spectroscopy  as  professions, 
as  was  so  convincingly  stressed  in  an  Analytical  Chemistry  (1960)  staff  report  of  an  Ameri- 
can Chemical  Society  Symposium  on  Microscopy. 

These  are  encyclopedias  with  topics  arranged  alphabetically,  first  according  to  principal 
kinds  of  microscopy  (26)  or  spectroscopy  (23),  and  then  under  each  of  these  the  various 
aspects  of  history,  theory,  instrumentation,  techniques,  interpretations  and  applications 
of  each  method,  which  taken  together  cover  the  topic  as  completely  as  possible.  Carefully 
chosen  lists  of  general  and  cross  references  and  illustrations,  it  is  hoped,  will  add  greatly  to 
the  value  and  usefulness  of  these  two  volumes,  in  presenting  facts  and  in  guiding  the  reader 
to  more  exhaustive  sources  of  information. 

The  Editor  is  indebted  first  of  all  to  the  considerable  number  of  eminent  scientists  who 
have  generously,  patiently  and  loyally  given  vitally  important  advice  and  have  contributed 
to  these  twin  Encyclopedias  from  one  to  ten  or  more  authoritative  articles  (Fulton,  Humph- 
reys,  Jarrell),  because  of  their  recognition  of  the  need  of  this  service  to  science  and  their 
willingness  to  accept  largely  intangible  rewards  for  time  and  effort.  As  experts  in  particular 
areas,  most  of  these  collaborators  have  been  continuously  bombarded  in  recent  years  to 
write  books  or  compose  contributions  to  encyclopedias,  symposia,  reviews,  and  lecture 
tours.  Their  acceptance  without  grumbling  in  the  face  of  such  demands  proves  that  they 
are  true  friends  as  well  as  leaders  of  science.  The  lists  of  contributors  in  the  front  pages  of 
the  two  Encyclopedias  are  indeed  Rolls  of  Honor. 

The  planning,  organization  and  editing  (not  to  mention  the  writing  of  twenty-five  articles 
to  fill  in  gaps,  several  at  the  last  minute)  have  somehow  been  carried  out  almost  entirely 
with  the  able  and  loyal  help  of  two  secretaries  serving  consecutively,  Mrs.  Ruth  Tuite 
(1958-59)  and  Mrs.  Claretta  Metzger  (1959-60),  who  kept  the  extensive  correspondence 
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and  files  in  order.  These  volumes  will  always  represent  for  the  Editor  twin  beacon  lights 
which  will  appear  concurrently  with  retirement  after  33  years  of  active  teaching  and  re- 
search at  the  University  of  Illinois.  Perhaps  the  new  turn  in  the  road  may  be  illuminated 
hereby  for  continuing  creative  usefulness  in  writing,  editing  and  research,  primarily  in  order 
to  measure  up  to  the  hope  and  belief  of  the  Publishers  in  the  potential  value  of  these  En- 
cyclopedias; and,  after  41  years  to  the  abiding  faith  of  wife  and  family  in  the  conviction 
that  retirement  need  not  mean  idleness  and  stagnation;  and  to  the  loyal  devotion  of  the 
hundred  Ph.D.'s  whose  minds  and  hearts  and  hands  have  been  hopefully  guided  into  the 
pathways  of  research.  With  such  challenges,  in  the  words  of  a  great  poet,  Dr.  Henry  Van 
Dyke: 

Let  me  but  live  my  life  from  year  to  year 
With  forward  face  and  unreluctant  soul; 
Not  hurrying  to,  nor  turning  from  the  goal; 
Nor  mourning  for  the  things  that  disappear 
In  the  dim  past,  nor  holding  back  in  fear 
From  what  the  future  veils;  but  with  a  whole 
And  happy  heart,  that  pays  its  toll 
To  youth  and  age,  and  travels  on  with  cheer. 
So  let  the  way  be  up  the  hill  or  down 
O'er  rough  or  smooth,  the  journey  will  be  joy; 
Still  seeking  what  I  sought  when  but  a  boy — 
New  friendship,  high  endeavor  and  a  crown. 
My  heart  will  keep  the  courage  of  the  quest 
And  hope  the  road's  last  turn  will  be  the  best. 

G.  L.  CLARK 
November,  I960 
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ABSORPTION  SPECTROSCOPY   (SPECTROPHOTOMETRY)- 
VISIBLE  AND  ULTRAVIOLET 


ANALYTICAL  ABSORPTION  SPECTROMETRY 

Absorption  spectrometry  is  one  of  the 
very  important  kinds  of  methods  of  chemi- 
cal analysis.  The  principle  underlying  this 
method  is  the  absorption  of  radiant  energy 
by  substances.  At  some  wavelength(s),  a 
given  substance  absorbs  in  a  given  way  and 
to  a  particular  extent.  The  nature  of  the  ab- 
sorption provides  information  about  what  the 
substance  is  and  the  extent  of  the  absorp- 
tion provides  information  about  the  amount 
of  the  substance.  A  curve  coordinating  ab- 
sorptive power  with  spectral  region  is  known 
as  an  absorption  spectrum.  Spectral  regions 
absorbing  more  than  others  are  known  as  ab- 
sorption bands. 

Like  various  other  physical  properties, 
the  absorption  of  radiant  energy  by  sub- 
stances may  be  of  interest  in  a  number  of 
areas.  The  primary  concern  here  is  analyti- 
cal rather  than  physical  chemistry. 

A  wide  range  of  the  electromagnetic  spec- 
trum is  involved.  Currently,  interest  ranges 
from  short  x-rays  to  long  microwaves.  The 
approximate  ranges  assigned  to  the  respec- 
tive regions  follow:  x-rays,  <1  to  100  ang- 
stroms (A);  ultraviolet,  10  to  400  millimi- 
crons (mgu);  visible,  400  to  700  millimicrons 
(mju);  infrared,  0.7  to  >  800  microns  0*); 
and  microwave,  0.1  to  1,000  centimeters 
(cm).  Thus  far  the  principal  analytical  ap- 
plications are  in  the  range  of  0.2  to  25  /*. 

In  referring  to  particular  regions  of  the 
electromagnetic  spectrum  wavelength  (X), 
frequency  (F),  and  wavenumber  (v')  are 
used.  Each  has  some  merit.  They  are  related 
as  follows: 


wavelength  (cm) 


—  wavenumber  (cm"1) 

frequency  (sec"1) 

speed  of  light  (3  X  10*  cm  sec"1) 


Then,  for  example,  500  m/*  =  20,000  cm.-1  = 
600  f  (fresnels). 

Various  transmission  terms  relate  to  the 
rectilinear  passage  of  homogeneous  radiant 
energy  (i.e.,  single  frequency)  through  a  me- 
dium having  plane,  smooth,  parallel  sides, 
or  through  a  cell  having  windows  of  such 
material  and  containing  a  homogeneous  so- 
lution. 

In  the  schematic  diagram  of  Kg.  1,  PI 
represents  the  radiant  energy  incident  upon 
the  first  surface  of  the  medium  (e.g.,  face  of 
an  absorption  cell),  Po  that  entering  the 
sample  solution  of  thickness  b  and  concen- 
tration c,  P  that  leaving  the  solution  and 
incident  upon  the  second  surface,  and  Ps 
that  leaving  the  last  surface  of  the  medium. 
Then, 

To  —  P2/Pi  =  over-all  transmittance  (100 

To  =  percentage  transmittance) 
Ti  =  P/Po  =  internal  transmittance 
A  =  logio  Po/P  =  logio  1/Ti  =  absorbance 

For  the  solution  in  Fig.  1, 

over-all  transmittance  of  solution 


and  cell 
ZVwivo  =  over-all  transmittance  of  solvent 

in  same  (or  optically  matched)  cell 
T9  =  Tocioino/^ocaoiv.)  =  transmittancy  of 

solute 

t,  =  transmittancy  of  unit  thickness 
A,  =  logio  1/r*  *•  absorbancy  of  solute 

1 
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FIG.  1.  Passage  of  a  beam  of  radiant  energy 
through  a  solution. 

a,  =  Aa/bc  —  absorbancy  index  (for  given 

thickness  and  concentration) 
aM  =  molar  absorbancy  index  (if  6  =  1  cm., 

and  c  =  1  mole/liter) 
1  —  T9  =  absorptancy  (no  symbol) 

Various  other  symbols  and  terms  have 
been  used.  The  most  common  are:  -4(ab- 
sorbance)  =  ^(extinction)  =  D  (optical 
density);  a(absorbance  index)  =  absorptiv- 
ity =  ^(extinction  coefficient);  and  aM 
(molar  absorbancy  index)  =  €(molar  extinc- 
tion coefficient). 

Usage  is  tending  toward  dropping  the  s 
subscripts  recommended  by  the  National 
Bureau  of  Standards,  and  thus  not  distin- 
guishing between  —  ce  and  —cy  terms.  Con- 
sequently, only  —  ce  terms  are  used  hence- 
forth. 

Reflection  terms  concern  only  incident 
and  reflected  radiant  flux. 

Laws  of  Absorption.  For  the  absorption 
of  radiant  energy  by  homogeneous,  trans- 
parent media  there  are  two  laws  of  funda- 
mental importance. 

Bouguer's  law  (often  attributed  to  Lam- 
bert) expresses  the  relationship  between 
absorptive  capacity  and  thickness  of  an 
absorbing  medium.  Each  layer  of  equal 
thickness  absorbs  an  equal  fraction  of  the  ra- 
diant energy  which  traverses  it.  The  absorp- 
tion varies  directly  as  the  logarithm  of  the 
thickness.  For  homogeneous  systems  there 
are  no  known  exceptions  to  this  law. 


As  shown  in  Fig.  1,  Po  and  P  are,  respec- 
tively, the  radiant  flux  incident  upon,  and 
emergent  from,  a  solution  of  concentration 
c  and  thickness  6.  If  a  layer  of  unit  thickness 
transmits  a  fraction  t  of  the  radiant  energy 
incident  upon  it,  a  thickness  b  will  transmit 
the  fraction  P.  Then  P  =  PQtb.  This  law 
may  be  expressed  in  the  form 


in  which  T  is  the  transmittance  (P/Po),  10 
is  the  base  of  common  logarithms,  and  a  is 
the  absorbance  index. 

Beer's  law,  as  generally  stated,  expresses 
the  relationship  between  absorptive  capacity 
and  concentration  of  the  solute  in  a  solution. 
The  absorptive  capacity  is  directly  propor- 
tional to  the  number  of  absorbing  entities, 
such  as  ions  or  molecules.  Then,  if  c  is  the 
concentration  of  solute,  the  transmittance 
for  a  given  thickness  is  te,  where  t  is  the 
transmittance  for  a  solution  of  the  same 
thickness  having  unit  concentration. 

This  law  applies  if  the  radiant  energy  is 
approximately  monochromatic,  and  if  the 
nature  of  the  absorbing  species  is  the  same 
in  solutions  of  different  concentrations.  It 
must  be  kept  in  mind  that  the  absorbance 
index,  a,  depends  upon  the  wavelength  of 
the  incident  radiant  energy.  Also  any  action 
in  the  solution,  such  as  ionization,  associa- 
tion, or  dissociation,  which  affects  the  nature 
of  the  absorbing  species  will  affect  the  ab- 
sorption. A  familiar  example  is  the  change 
in  color  resulting  from  dilution  of  a  solution 
of  a  dichromate  with  water.  The  equilibrium 
involved  in  this  color  transformation  may 
be  represented  by  the  equation, 

CraOT-2  +  H20  *=*  2HCrOr  **  2H+  +  2CrOr* 
Orange  Yellow 

Bouguer's  and  Beer's  laws  may  be  com- 
bined in  the  expression 


Then, 


c  ••  A/ah 
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These  relationships  show  that  the  meas- 
ured transmittance  (absorbance)  is  a  func- 
tion of  the  absorbance  index,  the  cell  thick- 
ness, and  the  concentration.  Obviously,  the 
numerical  value  of  the  absorbance  index  de- 
pends upon  the  units  used  in  expressing  6 
and  c.  In  addition,  the  measured  quantity 
(A  or  T)  may  depend  upon  temperature, 
solvent,  spectral  band  width  employed,  and 
wavelength  of  the  illuminating  source.  The 
magnitude  of  the  index  is  a  measure  of  ab- 
sorptive capacity. 

Instruments.  Instruments  designed  for 
measuring  absorptive  capacity  of  substances 
for  radiant  energy  are  variously  referred  to 
as  spectrometers,  photometers,  absorpti- 
meters,  and  spectrophotometers.  Terms  of- 
ten used  synonomously  for  absorptimetric 
methods  are  absorption  spectrometry  (spec- 
troscopy),  absorptimetry,  and  spectropho- 
tometry.  Measurement  of  radiant  energy 
(flux)  as  a  function  of  wavelength  is  relative. 
In  transmission  measurements  the  standard 
usually  is  air  (blank  beam),  or  an  absorption 
cell  free  of  the  absorbing  constituent  or 
containing  a  known  amount  of  it;  in  reflec- 
tion measurements  it  is  some  standard  sur- 
face, such  as  magnesium  oxide. 

The  essential  components  of  a  spectro- 
photometer  are  (1)  a  source  of  radiant 
energy,  (2)  a  detector  for  unabsorbed  radiant 
energy,  (3)  a  monochromator  for  the  isola- 
tion of  the  desired  spectral  band  of  radiant 
energy,  (4)  an  absorption  cell,  if  the  sample 
is  a  gas  or  liquid,  and  (5)  in  many  instru- 
ments, a  photometer.  Fig.  2  is  a  schematic 
diagram  of  the  relationship  of  these  compo- 
nents. S  is  a  source;  p,  a  dispersing  prism; 
0,  a  slit;  C,  an  absorption  cell;  E ',  a  photo- 
emission  cell;  and  M,  a  combined  amplifier 
and  meter. 

In  the  case  of  both  sources  and  detectors, 
it  is  necessary  to  select  those  appropriate  to 
the  spectral  region  in  which  measurement  is 
to  be  made.  Thus,  an  x-ray  source  will  not 
serve  in  the  microwave  region,  nor  a  red- 
sensitive  photocell  in  the  vacuum  ultra- 


Monochromafor 


FIG.  2.  Essential  components  of  a  photoelectric 
spect  r  ophotometer . 

violet.  Likewise,  the  materials  of  the  absorp- 
tion cell  and  the  dispersing  element  must  be 
suitable  for  the  wavelengths  to  be  used. 

A  dispersing  element  may  be  a  prism  or 
a  grating.  The  former  gives  nonlinear  dis- 
persion and  the  latter  linear.  Consequently, 
with  prism  instruments  it  is  necessiary  to 
have  a  changing  slit  width  in  order  to  isolate 
a  spectral  band  of  constant  width  throughout 
a  given  spectral  region. 

Fig.  2  indicates  that  essentially  spectro- 
photometers axe  relatively  simple.  In  prac- 
tice, however,  it  was  recognized  two  decades 
ago  that  72  arrangements  were  possible, 
considering  only  the  major  variations  that 
can  be  used  in  the  spectral,  geometric,  and 
photometric  parts  of  the  instruments.  In 
certain  kinds  of  work,  especially  reflectance 
of  opaque  bodies,  it  is  important  to  know 
the  kind  of  instrument  used.  Fig.  3  shows 
the  possibilities. 

With  improving  instrumentation,  the 
range  of  spectral  analytical  interest  is  ex- 
panding. Instruments  for  the  vacuum  ultra- 
violet have  become  available  and  commercial 
instruments  for  the  microwave  region  are 
awaited.  Instruments  for  the  non-vacuum 
ultraviolet,  the  visible,  and  the  infrared 
regions  are  already  indispensable  in  many 
laboratories.  Of  all  the  possibilities  only  one 
has  been  selected  as  an  example. 

Fig.  4  illustrates  the  versatile  Gary  Model 
14  recording  instrument.  Its  range  is  from 
about  186  to  2600  m/*,  i.e.,  from  the  vacuum 
ultraviolet  into  the  near  infrared  region. 
Fig.  5  shows  the  parts  of  the  optical  system. 

The  schematic  optical  diagram  of  Fig.  5 
shows  the  path  of  ultraviolet  and  visible 
radiant  energy  through  the  instrument. 
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FIG.  3.  Diagram  showing  various  spectrophotometric  combinations. 


FIG.  4.  General  view  of  the  Gary  Model  14  spectrophotometer. 


Radiant  energy  from  the  hydrogen  lamp  A 
or  tungsten  lamp  C  enters  the  double  mono- 
chromator  through  slit  D.  It  is  dispersed  by 
the  prism  F  and  grating  J;  H  is  the  variable 
width  intermediate  slit.  Monochromatic  ra- 


diant energy  leaves  through  slit  L  and  is 
sent  at  30  cps  through  alternately  the  refer- 
ence cell  T  and  the  sample  cell  T  by  means 
of  a  rotating  semicircular  mirror  0  which  is 
driven  by  a  synchronous  motor.  It  alter- 
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FIG.  5.  Schematic  optical  system  of  the  Gary  Model  14  spectrophotometer. 


nately  reflects  the  beam  to  the  mirror  R  and 
allows  it  to  pass  on  through  to  the  mirrors 
P  and  R'.  On  the  shaft  of  the  synchronous 
motorisalso  a  chopperdisc  N  which  produces 
a  dark  interval  between  each  half  cycle  of 
the  alternation.  The  beam  through  the  refer- 
ence cell,  consisting  of  pulses  of  mono- 
chromatic radiant  energy  at  30  cps,  and  a 
similar  beam  through  the  sample  cell,  are 
directed  to  the  photocell  X  by  the  mirrors 
7,  V,  and  W,  W.  The  pulses  of  the  two 
beams  are  out  of  phase  with  each  other  so 
that  the  photocell  receives  energy  from  only 
one  beam  at  a  time. 

When  the  instrument  is  used  in  the  infra- 
red region  the  tungsten  light  source  T  is  slid 
into  the  place  of  the  phototube  Z.  Radiant 
energy  from  the  source  is  divided  between 
the  sample  and  the  reference  cells,  chopped 
and  sent  into  the  monochromator  through 
slit  L  by  the  chopper  and  mirror.  Alternate 
pulses  of  sample  and  reference  beam  are  dis- 
persed by  the  monochromator  and  directed 
to  the  lead  sulfide  cell  /  by  mirrors  d  and  e. 
By  this  system,  non-monochromatic  infrared 
radiant  energy  thermally  emitted  by  sur- 
faces in  the  chopper  unit  which  would  ap- 
pear in  the  beams  reaching  the  lead  sulfide 
cell  if  it  were  placed  at  Jf,  is  eliminated  by 
the  monochromator  from  the  energy  to  be 
measured. 


Spectrophotometric  Data.  The  data 
yielded  by  Spectrophotometric  measurement 
depend  upon  the  instrument  and  its  gradua- 
tion. In  some  early  instruments  the  swing  of 
a  galvanometer,  with  and  without  the  sam- 
ple in  the  incident  beam,  gave,  respectively, 
a  measure  of  P  and  Po  •  Current  instruments 
are  likely  to  be  graduated  directly  in  terms 
of  T(transmittance),  A  (absorbance),  or  logio 
A.  Some  instruments  have  two  or  more  of 
these  scales,  with  means  for  shifting  from 
one  scale  to  another.  Calculated  values  may 
be  a  (absorbance  index),  log  aM  or  e  (molar 
absorbance  index),  and  1  —  T  (absorptance). 

Actual  measurement  yields  anything  from 
a  single  photometric  value  for  a  single  wave- 
length (frequency  or  wavenumber)  to  a 
curve  for  a  range  of  wavelengths  (frequen- 
cies or  wavenumbers). 

To  determine  a  Spectrophotometric  curve 
with  a  nonrecording  instrument,  photomet- 
ric values  must  be  determined  at  many 
wavelengths  to  locate  sharp  absorption 
bands.  Recording  instruments  greatly  facili- 
tate such  measurements. 

Fig.  6  shows  three  quite  different  Spec- 
trophotometric curves  for  a  didymium  glass. 
There  are  two  general  interpretations:  (1) 
plotting  points  at  wavelength  intervals  too 
far  apart  will  cause  increased  flattening  of 
the  curve  as  the  points  decrease  in  num- 
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FIG.  6.  Transmittance  curves  for  a  didymium 
glass  using  different  spectral  band  widths. 

her,  especially  for  systems  with  marked  ab- 
sorption bands;  (2)  using  spectral  bands  that 
are  too  wide  similarly  smooths  out  an  ir- 
regular curve.  In  Fig.  6  the  latter  interpreta- 
tion applies.  The  continuous  curve,  Without 
points,  was  recorded  with  a  band  width  of 
5  m/i,  whereas  that  with  the  marked  points 
was  based  on  readings  with  a  band  of  35  mju. 
The  discontinuous  curve  was  drawn  through 
points  marking  the  values  obtained  on  a 
visual  photometer  with  glass  filters,  the 
median  wavelengths  of  which  located  the 
wavelength  points  on  the  graph.  The  dis- 
agreement of  the  curves  is  obvious.  Each 
curve  is  the  curve  for  the  glass,  for  the  spe- 
cific instrumental  conditions  used.. 

In  plotting  spectrophotometric  data  there 
is  considerable  inconsistency.  Abscissa  values 
are  usually  expressed  in  terms  of  wavelength, 
frequency,  wavenumber,  or  log  wavelength. 
This  may  be  attributed  partly  to  the  early 
conditioning  of  the  investigator,  and  partly 
to  the  fact  that  a  given  system  may  be  pref- 
erable in  a  given  situation.  For  example,  the 
international  system  for  calculating  the 
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numerical  specification  of  color  uses  wave- 
length; in  the  infrared,  analytical  chemists 
use  wavelength,  but  physical  chemists  are 
likely  to  use  wavenumber;  and  many  qualita- 
tive analysts  prefer  Iog2  wavelength  because 
the  lengths  of  scale  used  in  the  ultraviolet, 
visible,  and  infrared  ranges  are  then  more 
nearly  equal. 

Photometric  values  are  usually  given 
as  transmittance,  absorbance,  or  logio  ab- 
sorbance;  or,  less  frequently,  as  absorbance 
index,  logio  molar  absorbance  index,  or  ab- 
sorptance.  As  in  the  case  of  abscissa  values, 
there  are  arguments  for  each  of  these  photo- 
metric designations.  International  (C.I.E.) 
color  values  are  calculated  in  terms  of  trans- 
mittance readings.  Absorbance  values  are 
additive  in  analytical  determinations  on 
polycomponent  systems  (if  Beer's  law 
applies).  Log  absorbance  values  give  curves 
the  form  of  which  is  independent  of  concen- 
tration of  solute  in  the  solution.  Absorbance 
index,  or  logio  molar  absorbance  index,  is 
much  used  by  organic  chemists  for  compari- 
son of  curves. 

Fig.  7  shows,  for  a  solution  of  potassium 
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FIG.  7.  Spectral  curves  for  a  solution  of  potas- 
sium permanganate  plotted  with  three  different 
ordinate  and  abscissa  scales. 
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permanganate,  three  scales  for  the  spectral 
region  and  three  curves  for  three  different 
photometric  scales. 

Analytical  Applications*  For  conveni- 
ence, analytical  applications  are  subdivided 
on  the  basis  of  qualitative  and  quantitative 
uses  of  spectrophotometric  data. 

Qualitative  Uses.  Selective  absorption  of 
radiant  energy  results  in  characteristic 
curves,  with  the  distinctive  parts  of  the 
curve  in  particular  regions  of  the  spectrum. 
The  recorded  curve  in  Fig.  6  is  a  good  ex- 
ample in  the  visible  spectrum.  Most  curves 
in  the  infrared  region  are  more  striking,  al- 
though it  should  be  kept  in  mind  that  the 
visible  region  is  just  over  0.3  M  while  the 
usual  analytical  infrared  range  is  more  than 
50  times  as  broad. 

The  following  examples  illustrate  some 
possibilities  of  basing  conclusions  regarding 
qualitative  composition  of  substances  upon 
form  and  spectral  location  of  curves. 

Identification  of  Substances.  For  pure  sub- 
stances often  the  form  of  the  absorption 
spectrum  is  very  characteristic.  Some  ad- 
vertisers of  equipment  may  refer  to  such  a 
curve  as  a  kind  of  fingerprint.  However,  it 
should  be  emphasized  that  a  spectrophotom- 
eter  is  a  non-discriminatory  instrument;  that 
is,  for  a  mixture  of  two  or  more  absorbing 
substances  the  absorption  spectrum  shows 
simply  the  effect  of  all  absorbers.  Thus,  the 
curve  for  a  pure  substance  might  be  greatly 
changed  by  the  presence  of  another  sub- 
stance absorbing  in  the  same  region. 

These  uses  generally  depend  upon  finding 
prominent  absorption  bands  in  particular 
spectral  regions.  In  the  absence  of  significant 
bands,  it  may  be  preferable  to  compare  ab- 
sorbance  ratios  for  selected  wavelengths. 

Such  general  use  of  absorption  spectra  has 
become  widespread,  especially  in  the  infra- 
red region  for  organic  compounds.  Even 
earlier  there  was  wide  adoption  of  the 
method  in  the  ultraviolet  and  visible  re- 
gions. One  dye  laboratory  has  over  two  mil- 
lion curves  in  its  library  collection.  The 


American  Society  for  Testing  Materials  has 
coded  for  sale  nearly  20,000  punched  IBM 
cards  for  the  infrared  region  and  nearly  half 
as  many  for  the  ultraviolet  region.  These 
may  be  sorted  by  machine  for  comparison 
with  an  unknown. 

If  the  curves  for  an  unknown  and  for  a 
known  compound  agree  closely,  identity 
of  composition  or  structure  is  indicated 
strongly,  but  not  confirmed.  It  is  possible 
for  two  quite  different  systems  to  yield 
closely  agreeing  curves,  at  least  over  limited 
spectral  regions. 

Other  Qualitative  Uses.  There  are  a  number 
of  other  uses  which  are  essentially  qualita- 
tive, although  they  do  not  involve  identifica- 
tion of  substances. 

One  of  these  is  the  study  of  permanent 
colorimetric  standards  for  the  comparimetric 
determination  of  substances,  such  as  re- 
sidual chlorine  in  water.  Such  a  standard  is 
designed  to  be  visually  equivalent  to  the 
unknown.  If  the  systems  have  substantially 
superimposable  curves,  they  will  match 
under  any  kind  of  illumination.  If  not,  there 
can  be  difficulty.  Two  systems  may  appear 
visually  identical,  under  a  given  illuminant, 
and  yet  have  quite  different  curves.  If  the 
unknown  or  permanent  standard  is  dichroic, 
and  the  other  not,  a  match  may  be  possible 
at  only  one  thickness. 

Selection  of  filters  to  pass  or  absorb  in 
particular  regions  of  the  spectrum  is  a  com- 
mon problem.  Knowledge  of  the  absorption 
spectra  of  possible  substances  is  needed. 

In  this  category  belongs  spectrophoto- 
metric evidence  on  the  nature  and  the  course 
of  chemical  reactions.  Such  applications  are 
probably  most  extensive  in  biological  and 
organic  chemistry,  but  they  are  not  confined 
to  these  areas.  Specific  examples  are  adsorp- 
tion, complexation,  hydrolysis,  ionic  equilib- 
ria, ionization  constants,  kinetics,  isomerism, 
molecular  association,  polymerization,  and 
solvation.  To  interpret  curves,  as  in  the 
ultraviolet  and  infrared  regions,  one  should 
know  the  absorptive  effects  of  such  factors 
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as  functional  groups,  specific  structures,  and 
possible  chemical  transformations. 

In  the  visual  region  the  chemist  soon  learns 
to  associate  different  forms  of  absorption 
spectra  with  particular  colors.  Color  is  very 
important  in  many  chemical  products  and 
processes.  Often  the  production,  or  avoid- 
ance, of  given  products,  or  the  control  of 
production  and  operational  processes,  is 
based  upon  color  phenomena.  In  analytical 
chemistry  especially,  one  or  more  of  at  least 
the  following  factors  are  often  very  impor- 
tant: stability,  pH  change,  temperature, 
time  of  reaction,  best  chromogenic  reagent, 
order  of  mixing  reactants,  state  of  oxidation, 
nature  of  the  solvent,  and  interfering  reac- 
tions. These  effects  may  be  followed  by 
means  of  absorption  spectra. 

For  a  variety  of  materials  there  may  be 
established  standard  specifications  of  quality 
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FIG.  8.  Transmittance  curves  for  different  con- 
centrations of  iron  complexed  with  1,10-phenan- 
throline. 
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and  performance  in  terms  of  curves.  Such 
curves  serve  for  comparison  of  subsequent 
products.  Data  may  be  secured  for  the  stand- 
ard or  desired  grades  of  materials.  Then  the 
effects  of  processing,  impurities,  and  other 
measurable  factors  can  be  determined  by 
comparison  with  the  standard  curves.  This 
may  lead  to  change  and  control  of  the  manu- 
facturing process  to  achieve  permissible 
tolerances  in  the  products. 

Quantitative  Uses.  Quantitative  uses  of 
absorption  data  depend  upon  the  magnitude 
of  absorption  being  a  function  of  the  con- 
centration of  the  absorbing  species  at  some 
wavelength.  The  following  examples  are 
taken  from  the  visible  region,  but  the 
principles  are  general,  except  for  the  specifi- 
cation of  color. 

Sensitivity  and  Range  of  a  Method.  A  set  of 
curves  for  a  series  of  solutions  of  suitable 
concentrations  shows,  for  the  specified  thick- 
ness, the  sensitivity  of  a  method  of  analysis 
and  the  range  of  concentration  to  which  it 
may  be  applied  reliably  without  changing 
the  conditions,  such  as  diluting  or  concen- 
trating the  sample  or  using  different  cell 
thicknesses. 

The  curves  in  Fig.  8  show  the  possibilities 
for  a  fairly  sensitive  colorimetric  method. 
Optimum  conditions  for  making  photomet- 
ric measurements  vary  with  methods  of 
measurement,  but  it  is  generally  agreed  that 
the  transmittance  should  lie  between  15  and 
80%,  and  preferably  a  somewhat  narrower 
range.  Reference  to  Fig.  8  shows  that  this 
means  the  concentration  of  iron  to  be  meas- 
ured in  a  1-cm.  cell  by  this  method  should 
be  not  less  than  0.5,  nor  more  than  4  ing./ 
liter.  Inasmuch  as  some  methods  are  capable 
of  measuring  much  smaller  amounts  of  cer- 
tain constituents,  and  some  are  not  nearly 
as  sensitive,  the  phenanthroline  method  is 
considered  as  one  of  the  better  ones. 

Another  method  of  evaluating  sensitivity 
is  in  terms  of  the  molar  absorbance  index. 
According  to  the  Bouguer-Beer  law,  aM  •* 
A/be  =  -log  T/bc.  Referring  to  Fig.  8,  and 
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the  curve  for  4  mg./liter,  T  is  0.18  (18  per 
cent)  at  508  m/*.  A  concentration  of  4  nig./ 
liter  is  0.0000716  moles  and  the  thickness  6 
is  1  cm.  Substitution  of  these  values  in  the 
above  relationship  gives  10,400  as  the  molar 
absorbance  index.  Some  systems  have  a 
much  higher  value  (20,000  to  more  than 
30,000),  but  many  are  much  lower. 

Conformity  of  Systems  to  Beer's  Law.  A  set 
of  curves  such  as  those  shown  in  Fig.  8 
serves  to  test  a  given  system  for  conformity 
to  Beer's  law.  Usually  transmittances  or 
absorbances  are  taken  at  the  wavelength  of 
rm-mnrmm  transmittance  or  TYifl.yjTr>\iTr>  ab- 
sorbance, if  there  is  such  a  minimum  or 
maximum.  This  is  because  here  there  is 
maximum  sensitivity  in  the  method,  and 
also  mi™™™™  photometric  error  for  a  given 
error  in  the  wavelength  reading.  Then  one 
usually  plots  as  abscissas  the  concentration, 
and  as  ordinates  the  absorbance  or  the 
logarithm  of  the  transmittance,  on  a  linear 
scale,  or  the  transmittance  on  a  logarithmic 
scale.  Straight  lines  show  conformity. 

Fig.  9  shows  such  a  test  for  conformity  to 
Beer's  law  for  the  iron-phenanthroline  curves 
of  Fig.  8.  Readings  were  taken  at  508  m^,  the 
wavelength  of  minimum  transmittance. 

Non-conformity  to  Beer's  law  may  be 
attributed  (1)  to  insufficient  refinement  of 
the  instrument,  most  likely  a  spectral  band 
width  too  wide,  or  (2)  to  some  change  in  the 
nature  of  the  absorbing  species  with  dilu- 
tion. 

Analytical  Determinations.  The  nature  of 
quantitative  applications  may  be  considered 
in  terms  of  the  number  of  constituents  to 
be  measured  in  a  sample. 

(a)  One  Constituent.  In  general,  two  tech- 
niques are  used  to  determine  single  constitu- 
ents. In  the  first  technique  a  series  of  solu- 
tions is  measured  in  order  to  establish  a 
calibration  curve.  Usually  the  wavelength 
of  measurement  is  that  of  minimum  trans- 
mittance (maximum  absorbance),  such  as 
508  m/i  in  Fig.  8,  The  cell  thickness  should 
be  that  to  be  used  for  unknowns,  and  the 
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FIG.  9.  Transmittance  and  Beer's  law  curves 
for  iron-phenanthroline  solutions. 

range  of  concentrations  should  be  suitable 
for  the  absorptive  capacity  of  the  system 
concerned.  In  Fig.  8  this  range  is  0.5  to  4 
mg./liter.  Having  made  the  transmittance 
(absorbance)  measurements,  a  calibration 
curve  such  as  one  of  those  in  Fig.  9,  is 
plotted.  Application  of  the  method  then 
involves  only  the  determination  of  the  pho- 
tometric reading  for  the  unknown,  location 
of  this  value  on  the  curve,  and  reading  the 
amount  of  desired  constituent  on  the  abscissa 
scale.  It  should  be  emphasized  that  each 
laboratory  should  establish  its  own  calibra- 
tion curve  with  its  particular  instrument 
used  in  the  recommended  way. 

A  less  common  type  of  calibration  curve 
was  proposed  by  Bingbom.  Per  cent  trans- 
mittance or  absorptance  is  plotted  on  a  linear 
scale  and  concentration  on  a  log  scale.  Fig. 
10  illustrates  such  curves  for  the  solutions 
of  Fig.  8.  Measurement  should  be  restricted 
to  the  reasonably  straight  portions  of  the 
curves,  that  is,  the  concentration  range  of 
0.5  to  4  mg./liter. 
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FIG.  10.  Kingbom  calibration  curves  for  iron-phenanthroline  solutions. 


In  the  second  technique  application  of  the 
Bouguer-Beer  equation  in  the  form 

c  -  A/ab 

is  made.  The  value  for  6  is  known  and  A  is 
measured  (or  calculated  from  P/Po).  Know- 
ing the  specific  or  molar  absorptive  con- 
stant, a,  the  concentration  c  may  be  calcu- 
lated. The  unit  for  c  will  be  that  used  in 
determining  a. 

Unfortunately,  the  practice  of  spectro- 
photometry  has  not  been  sufficiently  refined 
to  make  possible  the  compilation  of  a  gen- 
erally usable  table  of  absorbance  indexes. 
Ideally,  these  should  be  constants  compa- 
rable in  reliability  to  refractive  indexes  and 
densities.  It  was  noted  in  connection  with 
Fig.  6  that  the  value  of  the  transmittance  at 
about  530  mji  is  very  greatly  influenced  by 
the  spectral  band  width.  Consequently,  the 
calculated  absorbance  index  will  vary  ac- 
cordingly. It  would  seem,  therefore,  that 
generally  usable  constants  cannot  be  expected 
until  we  have  instruments  operating  on  a 
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band  width  sufficiently  narrow  that  any 
narrower  band  will  not  affect  the  constant 
significantly.  This  situation  is  such  in  infra- 
red work  that  there  is  practically  no  mention 
in  publications  of  molar  absorbance  indexes. 

In  addition  to  the  effect  of  band  width 
upon  the  absorbance  index,  the  chemical 
preparation  of  the  system  for  measurement, 
if  any,  and  the  general  technique  of  making 
the  measurement  may  have  a  significant 
effect  upon  the  measured  photometric  value. 
With  all  these  possibilities  in  mind,  the 
experienced  analyst  will  determine  the 
constant  with  his  instrument  by  the  tech- 
nique approved  in  his  laboratory. 

For  decades  it  was  almost  traditional  to 
state  that  absorptimetric  methods  in  the 
visible  region  are  limited  to  trace  amounts 
of  desired  constituents.  The  most  sensitive 
methods  are  in  the  neighborhood  of  0.001 
mg/liter.  It  has  been  shown  that  over  50 
per  cent  iron  can  be  determined  with  an 
accuracy  approaching  0.1  per  cent,  by  me- 
ticulous attention  to  operative  details  with 


ANALYTICAL  ABSORPTION  SPECTROMETRY 


standard  colorimetric  methods.  Much  work 
with  fairly  high  percentages  is  being  done  in 
the  infrared  region,  but  with  nowhere  near 
0.1  per  cent  accuracy.  A  differential  tech- 
nique now  provides  for  handling  major  com- 
ponents, such  as  95  per  cent  copper  in  an 
alloy.  It  involves  determining  the  photo- 
metric value  by  comparison  with  a  standard 
of  nearly  the  same  composition  as  that  of  the 
unknown. 

(b).  Two  (or  more)  constituents.  Spectro- 
photometers  capable  of  operating  on  narrow 
spectral  band  widths  have  their  most  dis- 
tinctive value  for  systems  containing  two  or 
more  absorbing  components. 

In  polycomponent  systems  three  situa- 
tions, more  or  less  distinct,  may  arise.  In  the 
first  situation  the  absorbance  curves  of  two 
components  are  such  that  the  absorbance  for 
one  of  the  desired  constituents  may  be 
determined  at  a  wavelength  where  the 
second  constituent  does  not  interfere  (its 
absorbance  is  zero). 

In  the  second  situation  the  readings  have 
to  be  made  at  a  wavelength  where  both 
constituents  absorb,  but  it  is  possible  to 
correct  for  the  effect  of  one  of  them  by 
means  of  readings  at  a  different  wavelength. 
To  make  such  a  correction  readily  it  is  very 
desirable  to  have  the  absorbances  additive, 
that  is,  each  of  the  two  components  should 
conform  to  Beer's  law. 

In  the  third  situation  the  curves  for  the 
constituents  of  the  mixture  are  such  that  the 
preceding  possibilities  are  inapplicable.  In 
general,  solution  of  this  problem  depends 
upon  using  equations  involving  absorbances 
of  each  component  and  of  the  mixture  at 
suitably  selected  wavelengths. 

The  determination  of  a  and  ^-chlorophylls 
in  mixtures  of  the  two  illustrates  this  type 
of  application.  Fig.  11  shows  the  absorption 
spectra  of  the  pure  chlorophylls  plotted  in 
terms  of  specific  absorbance  index  a. 

In  considering  solutions  in  which  two  (or 
more)  components  absorb  at  the  wavelengths 
employed,  the  values  of  A  and  of  dbc  for  the 
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FIG.  11.  Absorption  spectra  of  chlorophylls  A 
and  B. 

individual  components  are  additive.  The 
absorbance  index,  a,  is  an  intensive  property 
and  is  not  additive.  Thus,  for  a  given  wave- 
length 

A  (observed)  —  A\  +  A  a  "»  ajb&i  + 


Values  for  the  concentration  of  each  of  n 
components  may  be  obtained  from  absorb- 
ance measurements  at  n  wavelengths,  where 
no  two  curves  coincide  or  intersect;  however, 
no  two  wavelengths  may  be  used  at  which 
absorbances  for  two  components  have  the 
same  ratio.  This  is  the  general  case. 

For  the  two-component  system  of  the 
chlorophylls,  where  6  is  constant,  the  equa- 
tions are  simplified  to 


A  « 


aa'ci)& 


and 


A  -  (of*  +  a,*c2)& 

where  A  =  measured  value  at  the  given 
wavelengths;  ai  and  a*  —  the  specific  ab- 
sorbance indexes  of  components  1  and  2, 
respectively,  at  wavelength  X';  of  and  a/  = 
the  specific  absorbance  indexes  of  compon- 
ents 1  and  2,  respectively,  at  wavelength  X"; 
and  c\  and  02  =  the  concentrations  of  com- 
ponents 1  and  2,  respectively,  in  grams  per 
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liter.  These  two  equations  may  be  solved 
simultaneously  for  the  two  unknowns,  ci  and 

C2. 

The  total  concentration  C,  in  grams  per 
liter,  can  be  obtained  by  determination  of  A 
at  a  coincident  point  of  the  two  curves.  Then 
the  general  equation  reduces  to 

A  -  abC 

in  which  C  =  ci  +  C2 .  If  the  total  concen- 
tration is  known,  the  composition  may  be 
determined  by  measurement  of  the  ab- 
sorbance  at  one  suitable  non-coincident 
point.  Such  a  solution  would  involve  use  of 
the  equation  just  given,  along  with  the 
general  one  given  first. 

Maximum  analytical  accuracy  is  achieved 
when  the  relative  heights  of  the  curves  at 
the  two  wavelengths  are  reversed  for  the 
two  components.  Inaccuracies  are  easily 
introduced  when  readings  are  taken  on  steep 
slopes.  In  general,  the  accuracy  is  improved 
with  increase  in  the  distance  between  the 
two  curves  at  the  wavelength  employed. 
Thus,  at  wavelengths  546  and  589  m/z  the 
analytical  results  are  very  sensitive  to  light- 
absorbing  impurities. 

In  the  determination  of  chlorophylls, 
based  on  the  curves  of  Fig.  11,  absorbances 
may  be  made  at  the  following  wavelengths: 
642  and  660  mp  for  total  chlorophyll  and 
for  percentage  composition;  568,  581,  and 
600  m/t  for  checks  on  total  chlorophyll;  and 
546,  589,  and  613  mju  for  checks  on  percent- 
age composition. 

The  example  cited  is  a  simple  case  of 
applying  this  type  of  indirect  method  of 
chemical  analysis.  However,  it  does  illustrate 
the  general  principle.  Slowly  the  method  has 
been  extended  to  polycomponent  systems  of 
more  and  more  desired  constituents.  The 
major  deterrent  to  more  extensive  applica- 
tion is  that  in  many  cases  the  absorption 
spectra  of  the  individual  components  are  not 
suitably  related  to  each  other  to  make  satis- 
factory results  possible.  Also,  as  is  generally 
true  with  indirect  determinations,  the  reli- 
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ability  of  results  is  not  all  that  one  might 
desire,  even  with  the  most  carefully  meas- 
ured absorbances.  Where  such  methods  are 
applied  to  mixtures,  however,  there  is 
usually  no  satisfactory  alternative.  A  good 
example  is  the  infrared  determination  of 
cis-trans  isomers  in  a  mixture  of  the  two. 
Electrical  computers  facilitate  the  calcula- 
tions. 

Color  analysis.  In  the  visible  region  of  the 
spectrum  spectrophotometers  have  a  unique 
application.  Absorption  spectra,  in  the  form 
of  curves,  provide  the  fundamental  basis  for 
specifying  a  color  in  terms  of  the  radiant 
energy  evoking  the  sensation.  With  the  re- 
flectance or  transmittance  curve  for  a  sub- 
stance, one  can  then  calculate  a  numerical 
colorimetric  specification  for  the  substance 
in  terms  of  equivalent  stimuli. 
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M.  G.  MELLON 

ATOMIC     ABSORPTION     SPECTROCHEMICAL 
ANALYSIS 

In  recent  years  a  new  absorption  spectro- 
chemical  method  for  determination  of  cer- 
tain elements  in  laboratory  samples  has 
attracted  great  interest.  The  sample  is  con- 
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verted  into  an  atomic  vapor  so  that  the 
sought-f  or  elements  in  the  vapor  exist  mostly 
(and  preferably)  as  neutral  atoms  in  the 
ground  state.  In  this  state  each  specific  ele- 
ment in  the  atomic  vapor  absorbs  its  charac- 
teristic monochromatic  resonance  radiation. 
Therefore,  under  controlled  conditions  the 
measured  absorption  of  a  characteristic 
wave  length  can  indicate  the  presence  and 
quantity  of  a  specific  element  in  a  sample. 
The  inherent  high  selectivity  and  simplicity, 
and  the  possibilities  of  quantitative  methods 
with  high  sensitivity  and  exceptional  ac- 
curacy at  low  concentrations  are  the  attrac- 
tive analytical  features. 

In  general  the  basic  requirements  for 
atomic  absorption  spectrochemical  analysis  can 
be  represented  by  the  block  diagram  (Figure 
1).  Monochromatic  sources,  such  as  hollow- 
cathode  discharge  tubes  or  Wotan  lamps 
which  produce  resonance  lines  for  each 
sought-for  element,  are  set  up  and  the  radia- 
tion passed  through  the  atomic  vapor.  The 
selected  wave  lengths  are  then  either  se- 
quentially isolated  (by  a  prism,  grating  or 
filter)  and  passed  onto  a  single  radiation 
transducer  or  simultaneously  isolated  with 
separate  filters  with  each  wave  length  inci- 


dent on  a  separate  transducer.  The  trans- 
ducer converts  the  incident  radiation  of  each 
specific  wave  length  into  an  electrical  signal 
(current  or  voltage)  related  to  the  intensity. 
At  a  selected  wave  length,  electrical  signals 
are  often  obtained  with  and  without  sample 
vapor  in  the  cell.  These  signals  can  be  com- 
pared by  the  measurement  system  to  provide 
an  absorbance  value  related  to  the  concen- 
tration of  a  specific  element  in  the  vapor. 
However,  this  measurement  has  little  mean- 
ing unless  the  relationship  between  the 
concentration  of  absorbing  neutral  atoms  for 
the  sought-for  element  in  the  atomic  vapor 
and  the  concentration  of  the  element  in  the 
original  analytical  sample  is  carefully  con- 
trolled. Ideally  there  should  be  a  direct  pro- 
portionality between  the  two  under  a  given 
set  of  conditions  which  are  readily  main- 
tained. Also,  it  would  be  desirable  to  deter- 
mine elements  in  all  types  of  sample  solu- 
tions or  solids. 

The  practical  development  of  the  method 
hinges  largely  on  the  success  of  various  ex- 
perimental techniques  to  form  atomic  vapors 
reproducibly  from  particular  analytical 
samples.  Suitable  atomic  vapors  from  solution 
samples  have  been  reproducibly  formed  by 
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FIG.  1.  Block  diagram  showing  basic  requirements  for  atomic  absorption  spectrochemical  analysis. 
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atomizer-combustion  systems  similar  to 
those  used  for  flame  emission  spectrochem- 
ical  analysis.  Techniques  for  providing  suit- 
able atomic  vapors  directly  from  various 
solid  samples  will  undoubtedly  be  developed 
in  the  future. 

In  the  process  of  forming  the  atomic  vapor 
a  significant  fraction  of  the  atoms  might  be 
excited  with  subsequent  emission  of  radia- 
tion. If  the  emitted  radiation  is  the  same 
wave  length  as  that  from  the  source  it  must 
be  discriminated  against  in  measuring  the 
absorption.  In  Figure  1  the  dotted  line  indi- 
cates that  the  discrimination  is  often  asso- 
ciated with  both  the  source  and  measuring 
system.  The  source  can  be  modulated  with  a 
chopper  and  an  AC  amplifier  employed  in 
the  measuring  system  so  that  only  the  in- 
tensity of  radiation  from  the  source  is  indi- 
cated. A  wave  length  isolation  device  would 
not  be  necessary  when  using  a  single  source 
for  a  single  absorbing  constituent  and  suitable 
discrimination  against  emitted  radiation. 

If  an  absorption  cell  is  used  its  design  de- 
pends on  the  type  of  sample  and  associated 
system  for  obtaining  the  atomic  vapor.  The 
cell  must  obviously  have  a  path  transparent 
to  the  selected  wave  lengths. 

Although  the  atomic  absorption  method 
has  only  recently  been  recognized  as  a  rather 
general  quantitative  tool,  the  basic  principles 
have  been  known  for  many  years.  It  has 
been  used  for  determining  the  composition 
of  solar  and  stellar  atmospheres,8'7  the 
measurement  of  flame  temperature,2  and  the 
specific  determination  of  mercury  in  various 
samples.1* 8  Also,  self -absorption  of  emitted 
radiation  has  been  recognized  as  a  source  of 
errors  in  quantitative  emission  spectro- 
chemical  analysis. 

In  1955  Walsh8  focused  attention  on  the 
comparison  of  atomic  absorption  to  flame 
emission  spectrochemical  methods  and 
showed  that  there  are  fundamental  reasons 
favoring  the  absorption  over  the  emission 
method.  The  factors  governing  the  relation- 
ship between  atomic  absorption  and  the 
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concentration  of  sought-for  element  in  the 
atomic  vapor  indicated  that  the  absorption 
method  should  be  less  susceptible  to  tem- 
perature effects,  and  the  sensitivity  should  be 
greater  for  elements  such  as  zinc  and  cad- 
mium which  are  excited  with  difficulty.  This 
comparison  between  emission  and  absorption 
methods  stimulated  much  interest  in  the 
analytical  possibilities  by  the  atomic  ab- 
sorption spectrochemical  procedure. 

Walsh  and  co-workers  have  described  an 
atomic  absorption  spectrophotometer,6  and 
the  method  has  been  applied  by  others  for 
the  determination  of  Ca,  Mg,  Zn,  Fe,  Mn, 
Ag,  Au,  Pt,  Pd,  Eh,  Cu,  Na  and  K 

Basic  Considerations  of  Atomic  Ab- 
sorption for  Solution  Samples.  The  pres- 
ent development  of  the  atomic  absorption 
method  is  with  solution  samples  for  which  an 
atomizer-combustion  system  produces  the 
atomic  vapor.  Therefore,  it  is  worthwhile  to 
consider  a  general  relationship  between  the 
concentration  of  a  sought-for  element  in  a 
solution  and  the  observed  meter  reading  for 
a  typical  system.  Such  a  relationship  points 
out  the  variables  that  must  be  controlled  for 
quantitative  analysis.  An  analysis  of  the 
variables  indicates  why  atomic  absorption 
should  be  less  susceptible  to  certain  errors 
than  emission  methods  and  also  its  limita- 
tions. 

It  is  assumed  that  solution  sample  8  con- 
tains a  certain  sought-for  element  M,  at  an 
unknown  concentration  CMS  •  A  portion  of 
this  solution  is  atomized  to  form  a  fine  mist. 
The  total  number  of  atoms  of  element  M 
sprayed  from  the  atomizer  per  second, 
(^Ms)spray  ,  is  given  by  equation  1 : 

where  N  is  Avogadro's  number  and  F  is  the 
flow  rate  of  solution  through  the  atomizer. 
The  flow  rate  F  depends  on  the  radius  and 
length  of  capillary,  solution  physical  proper- 
ties such  as  viscosity  and  surface  tension, 
pressure  of  the  aspirating  gas,  and  hydro- 
static head  of  solution  on  the  atomizer  tip. 
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It  is  also  assumed  that  the  fine  mist 
passes  through  a  heated  chamber  where  a 
fraction,  /i  ,  of  the  spray  is  desolvated  and 
then  passed  into  the  flame  as  small  salt 
crystals.  The  number  of  atoms  of  element  M 
in  the  salt  crystals  entering  the  flame  per 
second,  (JVMs)tait  >  is  expressed  in  equation  2: 

(#M8).alt  -  /l(tfMs).pr»,  (Eq.  2) 

The  factor  /i  takes  into  account  the  portion 
of  atoms  of  element  M  which  are  sprayed 
from  the  atomizer  but  do  not  become  de- 
solvated or  enter  the  flaine.  It  depends  on 
the  type  of  atomizer  used,  the  size  and  dis- 
tribution of  spray  droplets,  the  relationship 
between  atomizer  capillary  and  atomizing 
gas  stream,  the  shape  and  temperature  of 
heated  chamber  and  the  physical  properties 
of  the  solution. 

A  fraction,  /2  ,  of  the  desolvated  salt  crys- 
tals is  decomposed  in  the  flame  to  provide 
a  vapor  which  contains  element  M,  pri- 
marily as  neutral  atoms  but  also  in  other 
forms.  The  number  of  atoms  of  element  M 
passing  through  the  vaporization  zone  per 
second,  (A^sWcr  ,  is  given  by  equation  3: 


(#M8)v.por  - 


(Bq.  3) 


The  factor  /2  takes  into  consideration  the 
particles  of  salt  that  exist  in  the  cooler  por- 
tion of  the  flame  and  are  not  vaporized.  It 
depends  on  the  flame  temperature  and  crystal 
energy  of  the  salt. 

A  fraction,  /s  ,  of  the  atoms  of  element  M 
exists  in  the  vapor  as  neutral  atoms  and  the 
number  passing  through  the  vaporization 
zone  per  second,  (#Ms)n  ,  is  given  by  equa- 
tion 4: 


)n  -  /*(#Ms)vapor  (Bq.  4) 

The  factor  /*  takes  into  consideration  that 
some  atoms  of  element  M  might  be  ionized 
or  react  to  form  gaseous  compounds  (such  as 
oxides)  and  depends  on  the  ionization  po- 
tential of  element  M,  the  stability  constants 
of  possible  gaseous  compounds,  and  the  flame 
temperature.  The  most  serious  limitation 


for  the  general  application  of  the  atomic 
absorption  method  is  that  several  elements, 
such  as  Si  and  Al,  exist  primarily  as  molecu- 
lar species  in  the  usual  flames.  However, 
higher  temperature  combustion  systems 
might  eliminate  this  problem. 

A  fraction,  /4 ,  of  the  neutral  atoms  is 
capable  of  absorbing  a  resonance  line  of  wave 
length,  XI,  characteristic  of  element  M.  The 
total  number  passing  through  the  vaporiza- 
tion zone  per  second,  (ATMs)n1,  is  given  by 
equation  5: 

(#MS)£I  —  /4(Mis)»  (Eq.  5) 

The  factor  /4  takes  into  consideration  that 
some  of  the  neutral  atoms  are  excited  to 
higher  energy  levels  in  the  flame  and  are 
not  in  the  necessary  ground  state  to  absorb, 
and  also  that  there  is  an  energy  distribution 
of  neutral  atoms  in  the  ground  state.  The 
value  of  /4  depends  on  pressure  broadening 
either  by  atoms  of  the  same  kind  or  by 
foreign  gases  and  the  excitation  energy  of 
the  flame. 

The  radiant  power  of  wave  length  XI  from 
the  source  which  is  transmitted  through  a 
fixed  segment  of  the  vapor  column  depends 
on  the  number  of  absorbing  atoms  in  the 
light  path.  If  the  radiant  power  transmitted 
is  Po  when  the  solvent  is  sprayed  and  P,  for 
a  sample  solution  producing  absorbing  atoms 
of  element  M,  then  from  the  absorption  law 
the  absorbance,  AB  ,  is: 


OBq.6) 


where  q  is  the  absorption  coefficient  charac- 
teristic of  the  specific  element  M.  It  is  as- 
sumed that  the  half  -width  of  radiation  from 
the  source  is  less  than  the  half-width  of  the 
absorption  band,  and  that  no  absorbing  spe- 
cies other  than  the  neutral  atoms  of  element 
M  are  formed  from  the  sample  solution  which 
are  different  than  those  from  the  solvent. 

It  is  assumed  that  the  radiation  detector 
provides  an  output  voltage  directly  propor- 
tional to  the  radiant  power,  and  the  output 
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voltages  are  EQ  and  E&  when  the  radiant 
powers  are  Po  and  PB ,  respectively.  Com- 
bining equations  1  through  6  gives: 


(Eq.7) 


If  As  is  the  value  read  from  the  measuring 
system  it  can  be  seen  from  equation  7  that 
there  are  many  variables  which  must  be 
maintained  constant  or  compensated  to  have 
a  direct  proportionality  or  reliable  relation- 
ship between  AB  and  CMS  • 

One  experimental  technique  for  increasing 
precision  and  accuracy  is  by  a  null-point 
system  which  eliminates  difficulties  from 
some  of  the  above  variables.4 

The  Precision  Null -Point  Method. 
The  principle  of  the  null  method  is  simple. 
The  concentration  of  a  sought-for  element  is 
continuously  varied  in  a  reference  solution, 
by  adding  reagent  from  a  buret,  until  it  is 
equal  to  the  concentration  of  the  same  ele- 
ment in  the  unknown  solution.  The  concen- 
tration of  the  reference,  and  therefore  the 
unknown,  is  readily  calculated  from  the 
amount  of  element  added  in  a  known  total 
volume.  The  instrument  operates  as  a  spe- 
cific null  detector  for  each  element,  by  form- 
ing the  atomic  vapors  and  measuring  the 
absorption  of  characteristic  monochromatic 
radiation  for  both  variable  reference"  and 
unknown  solutions  under  nearly  identical 
conditions. 

If  a  reference  solution  R  containing  ele- 
ment M  is  atomized  and  vaporized  and  the 
absorbance  measured  with  the  same  system 
as  above  then  it  follows  from  the  develop- 
ment of  equation  7  that, 

AB'  -  In^  -  qfi'MMNF'Gu*  (Eq.  8) 
EB 

where  the  terms  have  the  same  significance 
as  in  equation  7,  but  for  a  reference  solution 
whose  concentration,  CMR  ,  is  always  known. 
If  CMR  is  continuously  varied  until  E*  = 
EB ,  and  if  the  detector  response  is  constant, 
and  the  source  of  monochromatic  radiation 
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is  constant  so  that  EQ  =  EQ',  then  equations 
7  and  8  can  be  combined  to  give 


_ 
CMS  - 


(Eq.  9) 


A  null-point  instrument  can  be  con- 
structed so  that  the  final  comparison  be- 
tween reference  and  unknown  can  be  per- 
formed within  a  few  seconds  using  the  same 
atomization-vaporization  system  for  both. 
Therefore,  the  atomization,  vaporization, 
and  measurement  conditions  are  nearly 
identical,  and  (StfWJW)  is  essentially 
equal  to  (/i/tf/iF);  and  it  follows  that, 

CMS  -  CMR  (Eq.  10) 


The  precision  of  determining  the  unknown 
concentration  depends  on  the  precision  of 
the  instrument  in  establishing  the  null  point 
(the  meter  indication  that  the  concentrations 
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FIG.  2.  Basic  sections  of  the  precision  null- 
point  atomic  absorptiometer. 

A.  Sample  position. 

B.  Reference  position. 
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of  sought-for  element  in  both  reference  and 
unknown  are  apparently  the  same)  and  the 
precision  of  the  volumetric  apparatus  used 
to  vary  CMR  •  The  accuracy  depends  on 
whether  conditions  are  selected  so  that  the 


factors  do  not  change  in  switching  from  sam- 
ple to  reference. 

The  null-point  system  enables  exceptional 
precision,  accuracy,  sensitivity,  and  selec- 
tivity to  be  obtained  for  certain  elements 
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FIG.  3.  Integrated  sections  of  the  null-point  absorptiometer.  (Solutions  are  shown  in  the  "Down" 
position). 
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with  a  low-cost  instrument,  compensates  for 
changes  of  the  atomization-vaporization 
system  and  measurement  device  (thereby 
greatly  simplifying  the  instrument  design), 
provides  self -standardization  for  each  sam- 
ple, and  eliminates  the  need  for  linear  re- 
sponse characteristics  or  working  curves. 

The  basic  sections  for  a  null  instrument 
are  illustrated  in  Figure  2.  When  the  solution 
selector  is  in  position  S  (Figure  2A),  the 
atomization-vaporization  system  converts  a 
small  volume  of  unknown  sample  into  an 
atomic  vapor  which  contains  the  atoms  of 
the  sought-for  element  mostly  in  the  ground 
state.  The  vertical  dotted  arrow  indicates 
that  the  atomic  vapor,  formed  continuously 
from  the  solution,  moves  rapidly  through  the 
light  path  of  an  integrated  optical  transducer 
(consisting  of  monochromatic  source,  filter 
and  radiation  detector).  Each  transducer 
is  specific  for  a  particular  element  and  pro- 
vides an  output  voltage  related  to  the  num- 
ber of  atoms  of  sought-for  element  in  the 
light  path  per  unit  time.  The  output  voltage, 
also  related  to  the  concentration  of  a  specific 
element  in  the  unknown  solution,  is  fed  to 
the  null  indicator  unit.  The  "Null  Adjust" 
control  provides  an  opposing  voltage  equal 
to  the  transducer  output  voltage  so  that 
zero  (0)  on  the  meter  becomes  the  null 
point. 

After  adjusting  to  a  zero  (0)  meter  reading 
with  unknown  in  position,  the  solution 
selector  is  thrown  to  position  R  (Figure  2B) 
to  reverse  position  of  the  solutions  so  that 
the  variable  reference  is  atomized  instead  of 
unknown.  The  variable  reference  system 
now  provides  a  continuously  variable  refer- 
ence solution  concentration  of  sought-for 
element  until  the  meter  reads  0  again.  This 
indicates  that  the  concentration  of  unknown 
is  equal  to  the  concentration  of  the  reference 
at  the  null  point,  assuming  that  atomization, 
vaporization,  optical  transducer,  and  null 


indication  systems  remain  constant  between 
adjusting  tie  0  point  with  the  unknown 
sample  (position  S)  and  re-establishing  the  0 
point  by  varying  the  reference  concentration 
(position  R).  The  time  for  this  complete 
operation  varies,  but  it  is  often  about  J^  to 
2  minutes.  Therefore,  it  is  desirable  to  check 
for  a  true  null  point  over  a  few  seconds  by 
reversing  between  variable  reference  and  un- 
known. If  there  are  any  differences,  the  con- 
centration of  the  variable  reference  is 
changed  again  so  that  the  transducer  output 
voltages  are  equal  when  the  rapid  solution 
alternation  is  made,  as  indicated  by  the 
same  meter  reading. 

A  specific  null-point  atomic  absorptiome- 
ter4  developed  for  sodium  and  potassium 
determinations  at  solution  concentrations  of 
1  to  100  ppm  is  shown  in  Figure  3.  Results 
with  this  instrument  were  excellent.  For 
sodium  the  coefficient  of  variation  was  less 
than  0.2  %  in  some  cases  and  about  0.5  %  in 
most  cases.  Results  for  potassium  were 
nearly  as  good.  The  accuracy  was  excellent 
because  of  the  inherent  selectivity  and  rela- 
tive freedom  from  interelement  effects. 
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CARY  RECORDING  SPEaROPHOTOMETRY. 
See  ANALYTICAL  ABSORPTION  SPECTROME- 
TRY,  p.  1. 

COPPER  MICRODETERMINATION 

Copper  forms  a  highly  colored  complex 
with  the  dihydrazone  formed  from  oxalyldi- 
hydrazide  and  acetaldehyde  in  the  presence 
of  ammonia.  The  intensity  of  the  color, 
which  is  measured  spectrophotometrically,  is 
linearly  proportional  to  the  copper  concen- 
tration within  the  range  specified  below. 

Procedure:  Pipet  the  following  into  10-ml 
volumetric  flasks,  in  the  order  given: 

1.  Unknown  or  standard  copper  solution, 
to  contain  a  total  of  approximately  2  to  10 
micrograms  of  copper. 

2.  1.2  ml  of  concentrated  ammonia. 

3.  0.8  ml  of  saturated  oxalyldihydrazide 
solution. 

4.  2.0  ml  of  cold  40%  acetaldehyde  solu- 
tion. Wait  15  to  20  minutes. 

5.  Copper-free  water  to  volume. 
Prepare  a  blank,  using  all  reagents  except 

the  copper  solution.  Then: 

(1)  Wait  at  least  30  minutes  from  time  of 
addition  of  acetaldehyde. 

(2)  Place  reagent  blank  in  one  colorimeter 
cell  (cylindrical,  3  ml  volume,  path  length 
about  1  cm)  and  copper  solutions  in  turn  in 
second  cell. 

(3)  Read  coppers  vs.  reagent  blank  in 
colorimeter  (Lumetron  402E  was  used  by 
authors — Photovolt  Corp.,  95  Madison  Ave., 
New  York,  N.  Y.)  with  a  narrow-band  filter, 
maximum  transmittance  about  550  m/j. 

(4)  Calculate  concentration  of  unknown 
from  the  change  in  optical  density  per  micro- 
gram  of  copper,  previously  calculated  from 
the  absorbance  of  the  standards. 

Notes: 

(1)  Use   copper-free   water   throughout. 
For  preparation,  see  reference  1. 

(2)  For  synthesis  of  oxalyldihydrazide, 
see  reference  3. 

(3)  A  standard  copper  solution  (about  25 
micrograms  per  ml)  is  conveniently  pre- 


pared by  dissolving  a  weighed  piece  of  elec- 
trolytic copper  in  redistilled  concentrated 
nitric  acid  and  diluting  to  volume  with 
copper-free  water. 

(4)  Color  is  constant  and  maximum  for  at 
least  48  hours  in  the  pH  range  8.2  to  10.1. 

(5)  Volumes  of  reagents  other  than  copper 
need  not  be  measured  with  great  precision. 

(6)  The  method  is  accurate  to  ±2  or  3  %, 

(7)  For  further  details,  see  reference  1. 
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DIFFERENTIAL  SPEaROPHOTOMETRY* 

Introduction.  Spectrophotometric  meth- 
ods of  analysis  are  characteristically  rapid, 
sensitive,  and  selective.  These  features  make 
Spectrophotometric  methods  extremely  use- 
ful for  lie  rapid  analysis  of  complex  mixtures 
and  for  the  determination  of  trace  constitu- 
ents in  a  sample.  Because  a  high  degree  of 
accuracy  is  not  usually  required  in  this  type 
of  work,  many  analysts  have  concluded  that 
Spectrophotometric  methods  are  inherently 
inaccurate  and  are  of  little  use  in  the  analy- 
sis of  major  constituents  where  accuracy 
corresponding  to  a  relative  error  of  one  or 
two  parts  per  thousand  or  less  is  desired. 

As  early  as  1937,  however,  Kortiim20  had 
reported  the  determination  of  the  concen- 
tration of  a  2,4-dinitrophenolate  solution 
with  a  relative  error  of  only  0.02  per  cent 
using  a  sensitive  spectrophotometer  of  his 
own  design.  Bastian6  in  1949  showed  how  a 
typical  modern  spectrophotometer  could  be 
used  for  the  determination  of  large  amounts 
of  copper  with  a  relative  error  of  only  one  to 
three  parts  per  thousand.  Numerous  papers 

*  Contribution  No.  817.  Work  was  performed 
in  the  Ames  Laboratory  of  the  U.  S.  Atomic 
Energy  Commission. 
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on  differential  spectrophotometry,2'  *•  4»  6»  12> 
28, 25, 84,  as  differential  colorimetry,9  differen- 
tial absorptiometry,14  precision  spectropho- 
tometry,1  precision  absorptiometry,11  and 
precision  colorimetry16'  29» 88  have  since  ap- 
peared in  the  literature  which  discuss  the 
theory  and  (or)  give  applications  of  methods 
designed  to  reduce  the  relative  error  in  spec- 
trophotometric  concentration  measurements. 
The  above  list  of  references  is  by  no  means 
exhaustive  and  includes  only  papers  con- 
cerned with  the  precise  determination  of  the 
concentration  of  a  sample  from  spectropho- 
tometric  measurements.  The  multiplicity  of 
names  and,  even  more  seriously,  an  apparent 
confusion  in  the  use  of  terms  like  accuracy 
and  precision  make  an  intelligent  appraisal 
of  the  usefulness  of  the  various  spectropho- 
tometric  "methods"  which  have  been  pro- 
posed somewhat  difficult. 

The  term,  differential  spectrophotometry, 
will  be  used  by  the  authors  to  refer  to  that 
spectrophotometric  technique  in  which  the 
concentration  of  an  unknown  sample  is 
determined  by  measuring  its  transmittance 
or  absorbance  relative  to  a  reference  sample 
of  known  concentration  for  the  specific  pur- 
pose of  reducing  the  relative  concentration 
error.  In  the  following  discussion,  it  will  be 
assumed  that  the  sample  is  in  the  form  of  a 
solution  and  the  spectrophotometric  meas- 
urements are  made  in  the  ultraviolet  or 
visible  region  of  the  spectrum.  This  is  usually 
the  case  when  the  purpose  of  the  spectro- 
photometric measurements  is  the  determina- 
tion of  concentration. 

The  specific  purpose  of  differential  spec- 
trophotometric methods  then  is  to  decrease 
the  relative  ccmcentoration  error.  Error  is  a 
measure  of  the  accuracy  of  a  measurement, 
i.e.,  the  difference  between  the  measured 
value  and  the  true  value,  but  this  absolute 
error  is  of  no  practical  importance.  Accuracy 
necessitates  precision,  so  a  secondary  pur- 
pose of  differential  spectrophotometric  meth- 
ods is  precision,  i.e.,  the  reproducibility  of  a 
measurement.  The  standard  deviation,  <r,  is 
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a  measure  of  the  precision  of  a  method  and 
again  the  quantity  of  practical  importance 
is  the  value  of  a-  relative  to  the  arithmetical 
mean  of  the  measurements.  This  relation  is 
often  expressed  in  parts  per  thousand  and  is 
a  measure  of  the  relative  precision  of  a  meas- 
urement. Qualitatively  high  precision  is 
associated  with  a  small  value  for  the  stand- 
ard deviation,  cr,  so  precision  is  more  con- 
veniently expressed  as  the  reciprocal  of  the 
standard  deviation  and  the  relative  precision 
as  the  product  of  this  quantity  and  the  arith- 
metical mean. 

Some  confusion  concerning  the  significance 
of  precision  in  differential  spectrophotometry 
is  evident  in  the  literature.  The  confusion  is 
apparently  caused  by  the  failure  on  the 
part  of  some  authors  to  distinguish  between 
relative  and  absolute  precision  and  to  dis- 
tinguish between  the  precision  with  which 
spectrophotometric  measurements  are  made 
and  the  precision  of  the  desired  concentra- 
tion measurements. 

An  analogy  can  be  made  with  the  use  of 
the  analytical  balance  which  helps  to  clarify 
the  distinction  between  accuracy  and  pre- 
cision and  also  the  advantages  of  a  relative 
measurement.  Suppose  an  object  of  such  a 
mass  is  placed  on  one  pan  of  a  balance  that 
the  pointer  does  not  swing  off  scale  when  the 
beam  is  released.  The  mass  of  the  object  can 
be  calculated  from  the  deflection  of  the 
pointer  and  some  previously  determined 
relation  between  the  magnitude  of  the  de- 
flection and  the  mass.  The  precision  with 
which  the  mass  of  the  object  can  be  deter- 
mined is  then  directly  proportional  to  the 
precision  with  which  the  magnitude  of  the 
deflection  can  be  measured.  Note  that  if  the 
absolute  uncertainty  in  measuring  the  mag- 
nitude of  the  deflection  is  constant  over  the 
entire  scale,  the  relative  precision  increases 
as  the  magnitude  of  the  deflection  increases. 
It  is  quite  obvious  in  the  case  of  the  balance, 
however,  that  the  relative  precision  of  mass 
measurements  is  not  limited  by  the  precision 
with  which  the  deflection  of  the  pointer  can 
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be  measured.  An  object  of  mass  so  great 
that  it  could  not  be  determined  by  the  de- 
flection method  can  be  determined  by  com- 
parison with  a  standard  mass.  In  this  case, 
even  though  the  precision  with  which  the 
deflection  of  the  pointer  can  be  measured  is 
no  better,  and  possibly  not  as  good,  the 
relative  precision  with  which  the  mass  of  the 
unknown  can  be  determined  can  be  very 
much  greater.  It  should  be  noted  that  the 
relative  error  in  the  determination  of  the 
mass  of  the  object  depends  on  the  accuracy 
with  which  the  mass  of  the  standard  is 
known,  the  medium  in  which  the  masses  are 
compared,  and  other  factors  as  well  as  the 
precision  with  which  the  deflection  of  the 
pointer  can  be  measured. 

If  the  purpose  of  a  spectrophotometric 
measurement  is  the  measurement  of  the 
concentration  of  a  solution,  it  seems  an 
obvious  extension  of  the  above  ideas  to 
determine  the  concentration  of  an  unknown 
solution  by  measuring  its  absorbance  or 
transmittance  relative  to  some  reference 
solution  of  known  concentration.  The  man- 
ner in  which  this  can  be  accomplished  and 
its  effect  on  the  relative  error  in  the  final 
concentration  measurement  are  the  subject 
matter  of  this  discussion. 

The  use  of  a  differential  method  can  de- 
crease the  relative  error  in  the  final  concen- 
tration measurement  in  two  ways.  Analogous 
to  the  comparison  of  masses  with  an  analyt- 
ical balance,  the  determination  of  the  con- 
centration of  an  unknown  sample  by  measur- 
ing its  transmittance  relative  to  a  reference 
sample  of  known  concentration  can  result  in 
an  increase  in  the  relative  precision  of  the 
concentration  measurement.  This  is  because 
any  error  in  the  spectrophotometric  meas- 
urement in  this  case  only  results  in  an  error 
in  the  difference  in  concentration  between 
the  sample  and  reference  solutions.  A  second 
way  in  which  the  use  of  a  differential  method 
may  reduce  the  relative  error  is  in  the  com- 
pensation of  systematic  errors  due  to  the 
use  of  a  relative  measurement.  The  impor- 


tance of  this  feature  can  hardly  be  over- 
emphasized. 

An  example  in  which  the  compensation  of 
systematic  errors  due  to  the  use  of  a  differen- 
tial method  or  measurement  is  very  ad- 
vantageous is  the  spectrophotometric  analy- 
sis of  lanthanon  mixtures.  The  extremely 
narrow  absorption  bands  of  the  lanthanons 
in  aqueous  solution  makes  the  spectral  posi- 
tion used  extremely  critical  if  the  concentra- 
tion is  to  be  determined  from  a  measured 
absorbance  value  and  the  absorptivity  of  the 
particular  lanthanon  at  a  given  spectral 
position.  If  the  concentration  is  determined 
by  a  differential  method,  a  slight  error  in 
spectral  position  will  affect  both  the  refer- 
ence and  sample  absorbances,  and  in  the 
optimum  case,  where  the  concentrations  of 
reference  and  sample  are  the  same,  the  errors 
would  exactly  compensate. 

The  compensation  of  errors  which  results 
from  the  use  of  the  differential  method  makes 
this  method  generally  useful  even  for  trace 
analysis.  The  maximum  increase  in  precision 
possible  with  a  differential  method  will 
probably  not  be  realized  in  this  case  if  the 
sample  size  is  limited,  but  the  advantages  of 
using  a  relative  method  may  still  be  appre- 
ciable. The  application  of  the  differential 
method  to  indirect  spectrophotometry  has 
also  been  reported28-24'80  to  result  in  an 
increase  in  precision.  The  use  of  an  indirect 
method  actually  has  an  unique  advantage  in 
the  precise  measurement  of  concentration. 
The  use  of  indirect  and  indirect-differential 
methods  for  this  purpose  are  considered. 

The  objective  of  this  report  is  to  review 
the  principles  underlying  differential  spec- 
trophotometry and  to  evaluate  and  relate 
the  usefulness  of  the  various  "methods" 
which  have  been  proposed.  An  attempt  will 
be  made  to  follow  the  nomenclature  sug- 
gested by  the  Joint  Committee  on  Nomen- 
clature in  Applied  Spectroscopy19  or  that 
used  by  Gibson18  in  cases  where  the  former 
report  makes  no  suggestion.  To  avoid  con- 
fusion, absorbance  or  transmittance  values 
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FIG.  1.  Absorbance-concentration  relationships,  a)  Curve  I — Ordinary  method,  b)   Curve  II- 
Transmittance-ratio  method,  c)  Curve  III — Two-reference  method. 


relative  to  some  reference  other  than  solvent 
will  be  primed. 

Principles  of  Differential  Spectropho- 
tometry.  If  the  absorbance  of  a  sample  is 
related  to  its  concentration  in  some  man- 
ner such  as  is  illustrated  by  curve  I  in  Figure 
1,  the  equation  relating  the  relative  uncer- 
tainty in  concentration,  AC/C,  to  the  uncer- 
tainty in  absorbance,  AA,  is  given  by 


AC/C  -  &A/SC 


(1) 


where  S  is  the  slope  of  the  absorbance-con- 
centration  curve  at  any  concentration, 
(7.9,  is,  as  Equation  1  is  independent  of  Beer's 
law  which  is  a  special  case  when  S  is  con- 
stant. The  conditions  necessary  for  high 
precision  or  low  relative  error  in  the  meas- 
urement of  concentration  insofar  as  the  spec- 
trophotometric  measurements  are  concerned 
are  obtained  when  AA  is  as  small  as  possible 
and  the  product  SC  is  as  large  as  possible. 
Spectrophotometric  methods  have  been 
proposed  which  attempt  to  reduce  the  rela- 
tive error  by  decreasing  AA,  by  increasing  C, 
and  by  increasing  S. 

The  magnitude  of  the  uncertainty  in  the 
measurement  of  the  absorbance,  AA,  has  an 
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optimum  value  characteristic  of  the  particu- 
lar instrument  used.  With  modern  photo- 
electric spectrophotometers,  the  absorbance 
measurement  can  probably  be  reproduced  to 
within  0.001  to  0.003  absorbance  unit  near 
the  zero  end  of  the  absorbance  scales.16 
Instruments  have  been  designed,  however, 
with  much  greater  sensitivity.  Kortum20  sum- 
marizes much  of  the  early  work  in  the  field 
of  instrument  design  and  describes  an  in- 
strument of  his  own  design  based  on  the 
optical  null  principle  and  employing  two 
phototubes.  With  this  instrument,  Korttim 
was  able  to  determine  the  absorbance  of  a 
solution  of  2,4-dinitrophenolate  having  an 
absorbance  of  0.34235  with  a  deviation  from 
the  mean  on  five  separate  measurements  of 
only  ±.000014  absorbance  unit. 

The  papers  by  Kortum20  and  Korttim  and 
Seller21  are  highly  recommended  for  anyone 
interested  in  precision  spectrophotometry. 
These  authors  discuss  the  basic  principles 
underlying  Spectrophotometric  instrumenta- 
tion and  measuring  techniques  and  carefully 
distinguish  between  terms  like  sensitivity 
and  reproducibility  as  opposed  to  accuracy 
which  are  so  often  confused  in  the  literature. 
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Relative  and  "absolute"  measurements  are 
also  discussed  and  the  reason  that  concen- 
tration measurements  can  be  made  with 
much  greater  precision  than  can  "absolute" 
molar  absorptivity  measurements  is  ex- 
plained. In  a  series  of  experiments  in  which 
the  concentration  of  an  unknown  solution 
was  determined  over  a  period  of  two  days 
by  comparative  measurements  with  a  solu- 
tion of  similar  absorbance,  Korttim20  showed 
that,  although  the  "absolute"  value  of  the 
absorptivity  varied  within  0.5%,  the  pre- 
cision of  the  concentration  measurements 
was  within  0.02  %.  Apparently,  those  factors 
which  caused  the  absorptivity  to  vary  with 
time  affected  the  reference  solution  and 
unknown  solution  to  the  same  extent.  This 
type  of  compensation  is  most  complete  when 
the  concentration  of  the  unknown  and 
reference  solution  is  identical. 

The  work  of  Korttim20  very  clearly  il- 
lustrates the  danger  in  assuming  that  any 
increase  in  spectrophotometric  precision  nec- 
essarily results  in  an  increase  in  the  precision 
with  which  the  concentration  can  be  meas- 
ured. The  extreme  sensitivity  of  his  instru- 
ment coupled  with  the  technique  of  compar- 
ative measurement  of  the  sample  with  a 
reference  of  similar  absorbance  did  result 
in  a  significant  increase  in  the  precision  of 
concentration  measurements,  however. 

The  potential  of  this  type  of  relative 
measurement  was  recognized  by  Bastian6 
and  Hiskey15  who  respectively  demonstrated 
the  experimental  feasibility  of  differential 
spectrophotometry  and  developed  the  theory 
underlying  the  method.  Eiskey15  and  Hiskey 
and  co-workers18*  17» 18  and  Bastian6'  7»8  and 
Bastian  and  co-workers9  showed  that  the 
precision  of  concentration  measurements 
could  be  greatly  increased  without  special 
instrumentation.  The  increase  in  precision 
was  accomplished  by  careful  attention  to  the 
source  of  spectrophotometric  error  and  by 
using  the  spectrophotometer  in  a  rather 
special  way  as  a  "null  point"  indicator. 

The  following  quotation  from  Bastian6 


illustrates  the  theoretical  gain  in  precision 
of  the  concentration  measurement  when  a 
differential  method  is  used. 

"Assume  that  a  concentration  of  0.2  gram 
of  copper  per  100  ml.  can  be  determined  by 
the  normal  method  with  an  accuracy  of  1  %. 
If  the  color  obeys  Beer's  law  at  higher  con- 
centrations, a  difference  in  concentration  of 
0.2  gram  of  copper  per  100  ml.  will  always 
give  the  same  difference  in  extinction. 

"Yet  if  an  attempt  is  made  to  take  ten 
times  the  concentration  of  copper  in  the 
hope  of  getting  ten  times  as  much  accuracy, 
the  density  reading  will  be  off  the  scale;  and 
even  if  such  a  high  density  could  be  read, 
the  percentage  error  in  making  such  a  read- 
ing would  be  greater  than  the  error  in  read- 
ing the  lower  concentration. 

"This  is  all  based  on  the  assumption  that 
the  optical  density  scale  is  set  for  zero  (or  the 
transmittancy  scale  for  100  %)  using  distilled 
water. 

"Suppose,  however,  instead  of  using  dis- 
tilled water  for  this  purpose,  a  solution  con- 
taining 1.8  grams  of  copper  per  100  ml.  were 
used.  A  solution  containing  2.0  grams  of 
copper  per  100  ml.  read  against  this  standard 
should  then  give  the  same  scale  reading  that 
a  concentration  of  0.2  gram  of  copper  per 
100  ml.  gives  against  distilled  water. 

"If  it  is  possible  to  determine  the  0.2-gram 
difference  at  the  higher  concentration  to  an 
accuracy  of  1  %,  the  total  concentration  is 
automatically  determined  to  an  accuracy  of 
0.1%.  Such  a  process  could  be  carried  far- 
ther. If  19.8  grams  of  copper  per  100  ml. 
were  taken  for  the  zero  setting,  and  all  the 
above  conditions  still  applied,  an  accuracy 
of  0.01  %  could  be  obtained." 

The  limitation  to  this  method,  as  recog- 
nized by  Bastian,  was  in  getting  enough 
light  through  the  highly  absorbing  reference 
solution  so  that  the  spectrophotometer  could 
be  balanced  at  zero  absorbance.  This  was 
accomplished  by  using  wider  slit  widths  than 
normal  and,  consequently,  less  monochro- 
matic light.  This,  of  course,  eventually  re- 
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suits  in  an  apparent  departure  from  Beer's 
law.  In  terms  of  Equation  1,  the  slope,  /S, 
begins  to  decrease.  The  optimum  conditions 
for  a  minimum  value  of  AC/C  are  when  the 
product  SC  is  at  a  maximum.  The  relation- 
ship existing  between  the  absorbance  and 
the  concentration  in  this  method  is  shown 
graphically  by  curve  II  in  Figure  1. 

The  usual  employment  of  the  spectropho- 
tometer  in  which  the  transmittance  of  the 
sample  relative  to  solvent  is  determined  from 
the  deflection  on  the  instrument  scale  re- 
sulted in  the  development  of  a  theory  which 
predicted  the  "optimum"  absorbance  for  the 
minimum  relative  concentration  error.81  The 
confusion  concerning  the  meaning  to  be  at- 
tached to  this  theoretically  derived  "opti- 
mum"absorbance  value  makes  it  necessary 
to  review  its-  development  and  significance. 

In  absorption  spectroscopy,  the  spectro- 
photometer  is  used  to  measure  the  ratio  of 
the  radiant  power  passing  through  a  sam- 
ple solution  to  the  radiant  power  passing 
through  a  reference  solution.  If  the  reference 
solution  is  pure  solvent,  or  a  solution  exactly 
similar  to  the  sample  solution  but  minus  the 
constituent  of  interest,  the  ratio  is  referred 
to  as  the  transmittancy  of  the  sample.18  It 
is  approximately  equal  to  the  ratio  of  the 
transmittance  of  the  sample  to  the  trans- 
mittance of  the  reference.  Transmittance  is 
defined  as  the  ratio  of  the  radiant  power 
transmitted  by  a  sample  to  the  radiant  power 
incident  on  the  sample,  both  measured  at 
the  same  slit  width  and  spectral  position. 
The  difference  between  the  transmittancy 
and  the  ratio  of  the  transmittances  of  the 
sample  and  solvent  is  due  to  a  term  involv- 
ing the  refractive  index  of  the  endplates  of 
the  cuvets  used  which  can  usually  be  neg- 
lected if  the  refractive  index  of  the  endplate 
is  less  than  1.5.13  Strictly  speaking,  the  scale 
reading  obtained  when  a  differential  method 
is  employed  is  neither  the  transmittance  nor 
the  transmittancy  of  the  sample.  Even  in 
"ordinary"  spectrophotometry  the  distinc- 
tion between  the  two  terms  is  not  always 
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made.  The  spectrophotometer  reading  ob- 
tained on  the  linear  scale  is  frequently  re- 
ferred to  as  the  transmittance  and  the  read- 
ing obtained  on  the  logarithmic  scale  as  the 
absorbance.  This  looser  usage  of  the  terms 
transmittance  and  absorbance  has  been 
followed  in  this  discussion. 

The  phototube  in  a  spectrophotometer 
responds  in  a  fairly  linear  manner  to  the 
radiant  power  incident  on  its  surface  and 
hence  to  the  transmittance  of  a  sample.  The 
response  is  amplified  and  indicated  on  a 
meter  or  scale  which,  if  graduated  in  a  linear 
manner,  is  referred  to  as  the  transmittance 
scale.  A  logarithmic  scale  may  also  be  in- 
cluded which  reads  directly  in  absorbance 
because  the  absorbance,  A,  defined  by 


A  -  logic  d/27) 


(2) 


is  usually  approximately  linear  with  concen- 
tration. 

The  relationship  between  the  transmit- 
tance, T,  the  absorbance,  A,  and  the  con- 
centration, (7,  of  a  sample  is  given  by 


ao 

where  a  is  the  absorptivity  and  6  the  path 
length.  Strictly,  this  is  a  limiting  law  for 
low  concentrations  and  the  constant,  a, 
should  be  replaced  by  the  expression  an/ 
(n2  +  2)2  where  n  is  the  refractive  index21  of 
the  sample.  Because  n  is  practically  constant 
at  low  concentrations,  it  usually  does  not 
introduce  a  significant  error  to  regard  a  as  a 
constant,  but  in  the  case  of  differential  spec- 
trophotometry this  might  lead  to  a  signifi- 
cant error. 

If  the  spectrophotometer  reading  on  the 
linear  scale  is  assumed  to  be  directly  propor- 
tional to  the  transmittance,  the  relation  be- 
tween the  scale  reading  and  concentration  is 
given  by  Equation  3.  Now  assume  the  un- 
certainty in  reading  the  linear  spectropho- 
tometer scale  is  constant  over  the  entire 
scale  and  is  expressed  as  AT.  If  Equation  3  is 
differentiated  with  respect  to  T9  finite  incre- 
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ments  substituted  for  the  infini.tftmTnfl.la  and 
the  resulting  expression  divided  by  C  and 
rearranged,  the  relationship 


AC  _    A!T 
C  ~  T  In  T 


(4) 


is  obtained.  The  denominator  T  In  T  reaches 
a  maximum  when  T  —  0.368.  This  cor- 
responds to  an  absorbance  of  0.434  on  the 
logarithmic  absorbance  scale.  A  plot  of  T 
versus  l/T  In  T  gives  the  knee-shaped  curve 
familiar  to  most  analytical  chemists81  in 
which  l/T  In  T  shows  a  broad  minimum 
between  T  =  0.20  and  T  =  0.65  and  becomes 
rapidly  larger  outside  this  range.  If  Beer's 
law  is  followed,  Equation  4  shows  that  this 
transmittance  range  will  also  give  the  small- 
est relative  error  in  concentration  for  a  given 
error  in  transmittance.  This  is  the  reason 
for  the  statement  in  practically  all  analytical 
texts  that  the  transmittance  must  be  kept 
within  the  above  limits  for  good  precision. 
It  should  be  noted,  however,  that  in  the 
case  of  differential  spectrophotometry,  mak- 
ing the  same  assumptions  that  were  made 
in  the  derivation  of  Equation  4,  the  concen- 
tration, C,  is  given  by 


C  - 
ab 


'  +      lo«10 


(5) 


and  the  relative  uncertainty  in  the  concen- 
tration is  given  by 


AC 
C 


T1  (In  T'  +  In  2V) 


(6) 


where  T'  is  the  transmittance  relative  to  the 
reference  solution  and  Tr  is  the  transmit- 
tance of  the  reference  solution.  If  the  trans- 
mittance of  the  reference  solution  relative  to 
solvent  is  0.368  or  smaller,  the  denominator 
T'(ln  T'  +  In  Tr)  increases  with  T'  and 
AC/C  has  a  minimum  value  when  T9  equals 
unity.  In  terms  of  absorbance,  provided  the 
absorbance  of  the  reference  solution  relative 
to  solvent  is  0.4343  or  larger,  the  absorbance 
of  the  unknown  sample  relative  to  reference 
should  be  as  small  as  possible.9' 15'  " 


It  should  be  emphasized  that  the  above 
treatment  only  relates  the  relative  uncer- 
tainty in  concentration  error  to  the  inherent 
uncertainty,  AT7,  in  reading  the  spectropho- 
tometer  scale  based  on  the  assumption  that 
A!F  does  not  vary  with  T.  The  actual  uncer- 
tainty, AT,  in  measuring  the  transmittance 
may  be  caused  by  many  factors,  not  all  of 
which  are  independent  of  T.  Cahn10  in 
a  report  on  photometric  reproducibility 
showed  that  for  the  Gary,  Model  11,  and 
Beckman  DU  spectrophotometers,  the 
standard  deviation  in  absorbance,  a  A  ,  ap- 
peared to  be  independent  of  A,  at  least  up  to 
an  absorbance  of  1.0,  which  would  mean 
that  over  the  corresponding  transmittance 
range,  AT  was  proportional  to  T.  This  would 
not  invalidate  differential  spectrophotomet- 
ric  methods  as  suggested  by  Crawford11 
except  insofar  as  these  methods  depended 
entirely  on  a  "scale  expansion"  for  any 
increase  in  precision  which  is  the  distinctive 
feature  of  the  two-reference  method  de- 
scribed below. 

A  two-reference  differential  spectrophoto- 
metric  method  has  been  suggested  by  Reilley 
and  Crawford29;  Gridgeman14  also  mentioned 
the  possibility  of  using  such  a  method  in  a 
brief  review  article  on  differential  absorp- 
tiometry.  This  method  is  based,  in  terms  of 
Equation  1,  on  an  attempt  to  increase  the  SC 
product  by  increasing  S.  The  spectrophotom- 
eter  is  set  at  both  the  100%  T  and  0%  T 
ends  of  the  scale  with  solutions  of  concentra- 
tion Ci  and  C2  in  the  light  path,  respectively. 
The  effect  of  this,  as  demonstrated  in  Figure 
1  by  curve  III,  is  to  greatly  expand  the 
instrument  scale  and  thus  reduce  the  error, 
AC,  for  a  given  error  in  absorbance,  AA. 
Theoretically,  the  smaller  the  difference  in 
transmittance  of  the  reference  solutions,  the 
more  precise  the  method  becomes.  Still 
another  method  was  proposed  by  Reilley  and 
Crawford29  which  is  essentially  a  variation 
of  the  two-reference  method  for  use  with 
very  dilute  solutions.  In  this  method,  the 
instrument  is  balanced  as  usual  at  100%  T 
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with  solvent  but  then  balanced  at  0  %  T  with 
a  dilute  reference  solution  in  the  light  path. 

Banks,  Spooner,  and  O'Laughlin8*4  ap- 
plied the  two-reference  method  to  the  analy- 
sis of  lanthanon  mixtures  and  observed  a 
significant  increase  in  the  relative  precision 
of  concentration  measurements  over  that 
obtained  by  conventional  spectrophoto- 
metric  methods.  The  standard  deviation  by 
conventional  methods  was  about  1  %  while 
with  the  two-reference  method  it  was  0.21  % 
with  reference  solutions  having  a  transmit- 
tance  span  of  about  0.2  and  a  transmittance 
relative  to  solvent  near  0.38.  It  was  ob- 
served, however,  that  the  standard  devia- 
tion was  not  lowered  significantly  when  the 
transmittance  span  was  made  smaller,  but 
was  lowered  significantly  when  the  transmit- 
tance of  the  reference  solutions  relative  to 
solvent  was  decreased.  This  suggests  the 
decrease  in  the  standard  deviation  observed 
may  have  been  largely  due  to  the  use  of  a 
relative  method,  i.e.,  the  measurement  rela- 
tive to  a  reference  solution,  which  compen- 
sates for  errors  such  as  those  due  to  incor- 
rectly adjusting  the  spectral  position  and 
not  to  the  scale  expansion  feature  of  the 
method.  The  data  obtained  by  Banks, 
Spooner,  and  O'Laughlin8'4  do  not  verify 
the  usefulness  of  the  two-reference  method 
as  reported.  Whether  the  method  has  any 
advantage  over  the  one-reference  method  in 
this  case  is  questionable.  Recently,  Shige- 
matzu  and  Tabushi88  also  reported  that  the 
two-reference  method  proposed  for  use  with 
dilute  solutions,  i.e.,  the  trace  analysis 
method,  gave  no  better  precision  than  con- 
ventional methods. 

The  use  of  the  two-reference  method 
would  be  advantageous  only  if  the  same  in- 
crease in  precision  of  concentration  measure- 
ment could  be  achieved  using  two  reference 
solutions  with  transmittances  close  to  0.368 
as  could  be  obtained  with  the  one-reference, 
or  transmittance-ratio,  method  which  re- 
quires a  reference  solution  of  much  lower 
transmittance  for  the  maximum  gain  in 
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precision.  The  two-reference  method  cer- 
tainly increases  the  slope,  S,  as  illustrated 
in  Figure  1,  but  the  stability  of  the  instru- 
ment decreases  as  the  concentration  differ- 
ence between  the  two  reference  solutions  is 
decreased.  Consequently,  AA  becomes  larger. 
The  criterion  of  whether  the  method  will 
reduce  the  relative  uncertainty  in  the  con- 
centration measurement  is  whether  the  ratio 
of  AA  to  S  becomes  smaller.  If  highly  absorb- 
ing reference  solutions  are  required,  there  is 
no  advantage  in  using  the  two-reference 
method  over  the  transmittance-ratio  method 
because  the  former  is  considerably  more  time 
consuming. 

The  two-reference  method  has  the  further 
disadvantage  that  the  scale  reading  observed 
is  not  a  simple  function  of  the  concentration. 
This  makes  it  necessary  to  construct  a  non- 
linear calibration  plot  or  resort  to  plotting 
an  exponential  function  of  the  concentration 
against  the  scale  reading.  Even  in  the  latter 
case,  a  linear  plot  results  only  if  the  photocell 
responds  in  a  linear  manner.  Slight  shifts  in 
instrumental  characteristics  would  neces- 
sitate recalibration  of  the  working  curve,  an 
onerous  task  in  case  of  a  nonlinear  plot. 

Ringbom  and  Osterholm82  suggested  a 
differential  method  which  is  based  on  the 
deflections  of  the  galvanometer  needle  of 
a  two-photocell  filter  photometer  when  a 
known  volume  of  solvent,  and  then  a  known 
volume  of  the  sample  solution,  are  added  to 
the  same  reference  solution.  This  method  is 
similar  in  some  respects  to  both  the  two- 
reference  method  proposed  by  Reilley  and 
Crawford29  and  an  analyte  addition  tech- 
nique22'27 which  was  severely  criticized  by 
McBryde26  and  Crawford.11  Although  the 
experimental  results  obtained  by  Ringbom 
and  Osterholm82  showed  good  precision,  this 
seems  more  likely  a  tribute  to  the  experi- 
mental skill  of  the  authors  than  to  the  merits 
of  the  method. 

The  compensation  of  systematic  errors 
which  is  inherent  in  the  use  of  a  differential 
method  may  well  be  equally  as  important  as 
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the  theoretical  increase  in  precision  obtained 
with  this  technique.  The  great  improvement 
in  precision  observed  by  Kortiim  when  he 
employed  a  comparison  method,  as  already 
pointed  out,  was  undoubtedly  due  to  just 
such  a  compensation  of  systematic  errors. 
The  one-reference,  or  transmittance-ratio, 
differential  method  inherently  gives  a  high 
degree  of  compensation  of  systematic  errors 
when  the  absorbances  of  the  sample  and 
reference  solution  are  approximately  equal. 
The  two-standard  method,  in  general,  will 
not  give  as  high  a  degree  of  compensation  of 
systematic  errors  unless  the  absorbances  of 
the  reference  solutions  are  extremely  close 
together  or  are  quite  high.  Neither  of  the 
latter  alternatives  is  very  practical  for  the 
reasons  already  mentioned. 

An  interesting  application  of  differential 
methods  has  been  made  to  the  indirect 
spectrophotometric  determination  of  fluo- 
ride.28* 24  In  indirect  spectrophotometry,  the 
substance  to  be  determined,  usually  the 
fluoride  ion,  is  added  to  a  colored  solution 
which  is  bleached.  The  extent  of  the  bleach- 
ing can  be  related  to  the  amount  of  the  sub- 
stance added.  Ideally,  the  bleaching  of  the 
colored  solution  will  be  directly  proportional 
to  the  amount  of  the  bleaching  agent  added. 
Usually,  however,  because  of  the  finite  value 
of  the  equilibrium  constants  involved,  the 
relationship  is  not  linear  but  falls  off  when 
nearly  stoichiometric  amounts  of  the  bleach- 
ing agent  are  added. 

Lothe28  reports  that  several  previous  au- 
thors had  been  so  convinced  that  low  absorb- 
ance  errors  were  synonymous  with  high 
photometric  error  that  they  insisted  on  keep- 
ing the  absorbance  of  the  bleached  samples 
above  0.25.  This  certainly  is  carrying  the 
idea  that  absorbance  readings  must  be  near 
the  "magic  number"  of  0.43  to  the  ridiculous 
extreme,  if  this  was  the  reason.  Lothe  actu- 
ally goes  on  to  show  that,  in  an  ideal  case, 
the  optimum  absorbance  of  the  sample  solu- 
tion in  indirect  spectrophotometry  is  zero. 

Lothe28  developed  an  equation  relating  the 


relative  concentration  error  AC»/C7»  of  the 
bleaching  agent  (fluoride)  to  the  transmit- 
tances  of  the  bleached  solution  Ti ,  and  the 
unbleached  original  solution  Tu  ,  i.e., 


AC,- 


(7) 


A  very  similar  equation  results  when  a  differ- 
ential method  is  applied  and  the  instrument 
balanced  at  the  100  %  transmittance  end  of 
the  scale  with  a  reference  solution  slightly 
more  bleached  than  the  sample  solution, 


A2Y 


C< 


(In  Tf  -  In  TJ ' 


(8) 


The  previous  equations  are  for  the  ideal 
case  where  the  extent  of  bleaching  is  pro- 
portional to  the  amount  of  bleaching  agent 
added  and  were  deduced  by  arguments 
analogous  to  those  used  in  arriving  at  Equa- 
tions 4  and  6.  For  easier  comparison  with 
Equations  4  and  6,  the  form  and  symbols  in 
in  Equations  7  and  8  have  been  changed 
from  that  given  by  Lothe. 

Actually,  because  the  equilibrium  constant 
for  the  bleaching  reaction  has  a  finite  value, 
the  slope  of  the  absorbance-concentration 
plot  levels  off  as  the  extent  of  bleaching 
approaches  100%.  Consequently,  the  opti- 
mum absorbance  for  the  bleached  sample 
solution  is  not  zero  as  in  the  ideal  case,  but 
some  higher  value.  Lothe28' 24  derived  equa- 
tions involving  the  various  equilibrium 
constants  which  can  be  used  to  predict  the 
optimum  absorbance  for  any  given  values  of 
the  constants  involved. 

The  shape  of  the  absorbance-concentra- 
tion plot  in  an  actual  application  of  an  indi- 
rect method  will  approximate  the  inverse  of 
curve  I  in  Figure  1.  The  slope  will  be  nega- 
tive rather  than  positive  and  gradually 
flatten  out  as  the  absorbance  becomes 
smaller.  Equation  1  can  also  be  used  to 
predict  the  optimum  conditions  for  minimum 
relative  error  in  this  case.  The  minimum 
relative  error  will  occur  when  the  absolute 
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value  of  the  dope-concentration  product  is 


The  use  of  a  differential  method  in  the 
above  case  permits  the  open  end  of  the 
spectrophotometer  scale  to  be  used  without 
requiring  that  the  bleaching  be  almost  100  % 
complete.  This  is  an  advantage  because  the 
slope  of  the  absorbance-concentration  curve 
usually  becomes  very  small  when  the  colored 
solution  is  nearly  completely  bleached.  It 
can  be  seen  from  inspection  of  Equations  7 
and  8  that  the  denominator  of  the  right  hand 
side  of  both  equations  increases  as  Ti  or  2V 
increases  and  as  Tu  decreases.  If  AT*-  or 
A2V  is  assumed  to  be  constant,  the  larger 
the  magnitude  of  the  denominator,  the 
smaller  the  relative  uncertainty  in  the  deter- 
mination of  the  concentration  of  the  bleach- 
ing agent.  The  largest  value  Ti  or  Ti'  can 
have  is  unity,  i.e.,  an  absorbance  of  zero,  but 
the  transmittance  of  the  original  unbleached 
solution  can  be  made  as  small  as  the  color 
system  involved  permits.  There  is  no  instru- 
mental limit  on  how  high  the  absorbance  of 
the  unbleached  solution  is  made  because,  in 
indirect  spectrophotometry,  it  is  not  neces- 
sary to  make  any  spectrophotometric  meas- 
urements on  the  unbleached  solution.  This 
is  an  important  advantage  of  an  indirect 
method  over  the  direct  transmittance-ratio 
method  because  in  the  latter  method,  it  is 
necessary  to  balance  the  spectrophotometer 
on  a  highly  absorbing  reference  solution. 
Consequently,  it  would  appear  that  there  is 
no  instrumental  limit  to  the  possible  gain  in 
relative  precision  in  concentration  measure- 
ments by  an  indirect  method.  The  differ- 
ential technique  should  certainly  be  em- 
ployed because  its  use  will  result  in  the 
compensation  of  systematic  errors  and  also 
permit  the  open  end  of  the  spectrophotom- 
eter scale  to  be  used  without  any  sacrifice  in 
sensitivity. 

Recently,  Reilley  and  Hildebrand80  ad- 
vanced what  they  considered  two  new 
methods  of  indirect  differential  spectro- 
photometry. In  one  of  these  methods,  the 
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instrument  is  balanced  on  100%  T  with  the 
unknown  bleached  sample  and  the  relative 
absorbance  of  the  unbleached  standard  read. 
In  the  second  method,  the  instrument  is 
balanced  at  100%  with  the  unknown 
bleached  sample  and  the  relative  absorbance 
of  a  standard  bleached  sample  (less  bleached 
than  the  unknown)  then  read.  The  concen- 
tration of  the  unknown  is  then  calculated 
from  the  relative  absorbance  observed  for 
the  unbleached  or  partially  bleached  solu- 
tions. The  only  advantage  claimed  for  these 
methods  is  that  the  resulting  absorbance- 
concentration  plots  will  be  analogous  to  the 
plots  obtained  by  the  conventional  and 
transmittance-ratio  methods.  The  obvious 
disadvantages  of  the  methods  would  cer- 
tainly seem  to  far  outweigh  the  advantages. 
It  might  also  be  noted  that  these  authors 
incorrectly  ascribed  the  increase  in  precision 
possible  in  the  indirect  differential  method 
described  by  Lothe28  to  an  expansion  of  the 
spectrophotometric  scale. 

Development  of  a  Differential 
Method.  The  usual  objective,  when  differ- 
ential spectrophotometry  is  considered,  is 
the  development  of  a  rapid,  accurate  analyt- 
ical method.  The  particular  method  decided 
upon  is  largely  determined  by  whether  speed 
or  accuracy  is  more  important,  the  particular 
nature  of  the  sample,  and  the  instrumenta- 
tion available.  The  development  of  a  differ- 
ential method  will  be  considered  in  a  rather 
general  manner  emphasizing  possible  sources 
of  error.  Only  the  transmittance-ratio 
method  will  be  considered. 

The  choice  of  the  color  system,  as  in  any 
spectrophotometric  method,  is  largely  deter- 
mined by  the  nature  of  the  sample  and  the 
possible  interferences.  If  there  is  any  choice 
in  the  matter,  it  is  well  to  avoid  using  an 
absorption  band  at  either  high  or  low  wave- 
lengths because  stray  radiant  energy  be- 
comes a  greater  problem  at  these  wave- 
lengths. The  higher  the  molar  absorptivity, 
e,  the  greater  the  slope,  /S,  of  the  absorbance- 
concentration  plot;  but  the  slope-concen- 
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tration  product,  SC,  is  the  quantity  which 
should  be  made  a  maximum  and  not  either 
S  or  C  singly.  The  manner  in  which  the  slope 
varies  with  concentration,  the  amount  of 
sample  available,  and  the  equipment  avail- 
able are  other  important  considerations  in 
selecting  a  color  system. 

The  optimum  concentration  of  the  refer- 
ence solution  may  be  determined  experi- 
mentally in  the  following  manner.  A  group 
of  standard  solutions  is  prepared  with  in- 
creasing concentration  in  which  the  concen- 
tration increment,  d  —  Ci-i ,  between  any 
two  adjacent  solutions  is  the  same.  The 
spectrophotometer  is  balanced  on  the  more 
dilute  of  one  of  the  above  solutions,  C»_i , 
and  the  relative  absorbance,  At  of  the  next 
more  concentrated  solution  is  determined. 
This  is  repeated  until  all  the  solutions  in 
the  group  are  read  or  until  it  is  no  longer 
possible  to  balance  the  spectrophotometer 
because  the  solution  to  be  used  as  reference 
is  too  highly  absorbing. 

The  spectrophotometer  should  be  bal- 
anced by  adjusting  the  slit  width.  The  opti- 
mum sensitivity  setting  should  be  selected 
initially  and  then  not  changed.  The  reason 
for  not  changing  the  sensitivity  control  is 
that  this  may  change  AA  which  is  assumed 
to  be  constant.  Practically,  it  is  easier  to 
make  the  final  fine  adjustment  in  balancing 
the  spectrophotometer  with  the  sensitivity 
control  and  this  is  usually  done.  The  change 
in  AA  by  small  adjustments  with  the  sensi- 
tivity control  on  an  instrument  such  as  the 
Beckman  DU  is  probably  not  significant. 
However,  large  changes  in  the  sensitivity 
control,  or  changes  in  the  dynode  voltages 
if  a  photomultiplier  attachment  is  used, 
may  affect  AA  and  make  it  difficult  to  inter- 
pret the  results  obtained  in  the  manner  de- 
scribed above. 

If  the  relative  absorbances,  i.e.,  the  A* 
values,  obtained  are  divided  by  the  concen- 
tration increment,  d  —  CW,  an  average 
value  for  the  slope,  8,  of  the  absorbance- 
concentration  plot  is  obtained  for  the  con- 


centration range  bounded  by  the  two  solu- 
ions.  The  slope  is  usually  constant  for  the 
more  dilute  solutions  but  begins  to  fall  off 
as  the  concentration  of  the  reference  so- 
lution increases.  This  will  usually  occur 
whether  Beer's  law  is  followed  or  not  be- 
cause as  the  slit  width  is  increased,  the  band 
width  of  radiant  energy  passed  by  the  slit 
increases  and  Beer's  law  strictly  applies  only 
for  monochromatic  radiation. 

The  optimum  concentration  for  the  refer- 
ence solution  is  that  concentration  for  which 
the  slope-concentration  product,  SC9  is  a 
Tnim'Tniim.  This  always  occurs  after  the  slope 
begins  to  decrease.  Consequently,  it  is  im- 
portant to  note  that  the  plot  of  absorbance 
versus  concentration  of  more  concentrated 
solutions  read  relative  to  this  reference  will 
not  be  linear,  though  over  a  small  con- 
centration range  it  may  be  approximately 
linear.  The  latter  statement  is  true  because, 
even  at  the  same  slit  width,  the  apparent 
molar  absorptivity  will  decrease  with  an  in- 
crease in  absorbance  of  the  sample  read  un- 
less the  radiant  energy  is  perfectly  mono- 
chromatic, a  condition  obviously  far  from 
prevailing  when  a  wide  slit  is  employed. 
Consequently,  a  calibration  plot  should  be 
constructed  in  which  standard  solutions  are 
read  relative  to  the  reference  chosen.  The 
optimum  condition  is,  of  course,  that  the 
unknown  have  exactly  the  same  absorbance 
as  the  reference,  but  in  practice,  a  concen- 
tration range  must  be  established  within 
which  the  unknown  will  fall.  If  the  difference 
in  the  absorbances  of  the  unknown  and  the 
reference  is  no  greater  than  0.2  to  0.3  ab- 
sorbance unit,  no  significant  decrease  in 
precision  results,  provided  a  calibration  plot 
is  constructed.  This  usually  gives  a  large 
enough  concentration  range  to  make  the 
method  practical. 

Because  the  absorbance-concentration 
plot  for  solutions  read  relative  to  a  reference 
solution  of  "optimum"  absorbance  is  not 
linear,  it  is  often  convenient  to  use  a  some- 
what less  higWy  absorbing  reference  solution. 
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This  will  result  in  a  more  linear  calibration 
plot,  especially  desirable  if  a  rather  wide 
concentration  range  is  desired.  A  reference 
solution  with  a  lower  than  "optimum"  ab- 
sorbance  may  also  be  necessary  because  of 
sample  limitations,  color  stability  or  similar 
reasons. 

The  various  factors  which  may  affect  the 
results  in  ordinary  spectrophotometry  such 
as  those  listed  by  Mellon28  or  Gibson18  should 
be  kept  in  mind  when  a  differential  method 
is  employed.  It  would  be  unnecessarily  repe- 
titious to  discuss  how  all  of  the  factors  con- 
sidered by  the  above  authors  might  affect 
differential  spectrophotometric  methods,  but 
it  seems  advisable  to  list  these  factors  and 
discuss  several  which  are  most  likely  to  lead 
to  serious  errors,  when  using  differential 
methods. 

Mellon28  lists:  solvent  effect;  pH;  concen- 
tration effects;  temperature;  interfering 
ions,  both  because  of  color  and  ionic  strength 
effects;  irradiation;  redox  potential;  effect 
of  dissolution  aids;  component  interaction; 
hydrolysis;  ligjit  fading;  fluorescence;  tur- 
bidity; and  plating  of  the  colored  dye  on  the 
cuvet  faces  as  factors  which  may  affect  the 
absorption  spectrum.  When  a  differential 
method  is  used,  many  of  these  factors  tend 
to  affect  the  sample  and  reference  to  the 
same  extent  and  there  is  a  compensation  of 
errors.  If  the  reference  and  sample  are  not 
treated  exactly  alike,  certain  factors  are 
more  troublesome  than  others.  Slight  tem- 
perature differences  between  the  reference 
solution  and  sample  solution  can  lead  to 
significant  errors.  The  fact  that  the  reference 
solution  is  apt  to  be  left  in  the  cell  compart- 
ment while  a  series  of  samples  are  read  can 
very  easily  result  in  an  appreciable  tempera- 
ture difference  between  reference  and  sample 
solution  unless  adequate  precautions  are 
taken. 

Bastian8  has  studied  temperature  effects 
on  differential  spectrophotometric  methods 
and  has  shown  how  both  the  absolute  value 
of  the  temperature  of  the  sample  and  tem- 
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perature  differences  between  sample  and 
reference  solution  can  lead  to  significant 
errors.  The  former  can  introduce  significant 
errors  when  only  the  zero  reference  solution 
is  used  to  establish  the  spectrophotometric 
scale  from  day  to  day.  The  absolute  value 
of  the  temperature  can  affect  the  slope  of 
the  absorbance-concentration  plot  which  will 
'  result  in  relative  concentration  errors  di- 
rectly proportional  to  the  difference  in  ab- 
sorbance  of  the  sample  and  reference.  This 
emphasizes  the  advisability  of  keeping  the 
absorbance  difference  between  reference  and 
sample  solution  small  or  of  running  several 
standards  at  the  same  time  as  the  sample. 
Bastian  has  also  shown  that  the  temperature 
differential  between  reference  and  sample 
solution  in  the  specific  case  of  the  copper 
perchlorate  system,  must  be  less  than  0.13°C 
if  the  relative  concentration  error  is  to  be 
0.5  part  per  thousand  or  better.  The  latter 
type  error,  i.e.,  a  temperature  difference  be- 
tween the  sample  and  reference  solution,  is 
usually  more  serious  and  great  care  should 
be  exercised  in  differential  spectrophotom- 
etry to  insure  that  the  temperature  of  the 
reference  and  sample  solutions  are  the  same 
when  measuring  the  relative  absorbance. 

The  relative  position  of  the  euvets  con- 
taining sample  and  reference  in  the  light 
beam  is  important  if  the  color  system  em- 
ployed exhibits  fluorescence.  If  the  distance 
of  the  two  euvets  from  the  phototube  is  un- 
equal, a  significant  error  can  be  introduced. 
Gibson18  has  reported  that  the  magnitude 
of  any  error  caused  by  fluorescence  is  also 
dependent  on  the  design  of  the  spectropho- 
tometer  employed. 

Slow  hydrolysis  of  the  substance  studied 
may  also  lead  to  significant  errors  in  relative 
concentration  measurement.  Particular  at- 
tention should  be  given  to  this  possibility 
when  the  reference  solution  is  prepared  in 
quantity  and  allowed  to  stand  for  long  pe- 
riods of  time. 

Obviously,  any  of  the  other  factors  listed 
above  can  also  cause  significant  errors  unless 
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both  sample  and  reference  solution  are  in 
the  same  physical  and  chemical  state.  The 
necessity  for  careful  control  of  temperature 
illustrates  how  easily  inaccurate  results  can 
be  obtained. 

Cuvet  Corrections.  Slight  differences  in 
the  lengths  and  absorptivities  of  the  cuvets 
used  are  not  too  important  in  ordinary  spec- 
trophotometry  because  the  better  cuvets  are 
usually  accurate  to  within  several  parts  per 
thousand  and  precision  of  better  than  0.5  to 
1%  is  not  required.  Differences  in  the  lengths 
of  the  cuvets  can  easily  be  the  limiting  error 
in  the  case  of  a  differential  method,  however, 
unless  an  accurate  correction  can  be  made. 

In  the  case  where  two  cuvets  are  used,  it 
is  not  sufficient  to  merely  measure  the  ab- 
sorbance  difference  observed  when  both 
cuvets  are  filled  with  the  reference  solution 
and  one  is  read  relative  to  the  other  as  is 
customary  in  ordinary  spectrophotometry. 
This  will  take  care  of  any  differences  in  the 
absorptivity  of  cuvets  themselves,  but  will 
not  correct  for  errors  caused  by  any  differ- 
ences in  the  lengths  of  the  cuvets  containing 
the  reference  solution  and  the  sample. 

The  correction  for  differences  in  cuvet 
lengths  is  a  linear  function  of  the  absorbance 
and  the  necessary  correction  can  be  obtained 
in  the  following  manner.  Both  cuvets  are 
filled  with  the  reference  solution  and,  after 
balancing  the  instrument  with  one  cuvet  in 
the  light  path,  any  absorbance  difference  is 
observed.  This  is  repeated  with  the  most  con- 
centrated solution  to  be  determined  in  both 
cuvets.  The  absorbance  difference  in  this 
case  will  be  different  if  the  cuvets  are  not  per- 
fectly matched  for  length.  The  absorbance 
differences  observed  are  then  plotted  as  a 
function  of  the  corresponding  absorbances  of 
the  solutions  in  the  cuvets.  If  the  correction 
is  small,  these  two  measurements  should  be 
sufficient  to  establish  the  cuvet-correction 
plot  but,  if  the  correction  is  fairly  large,  it  is 
well  to  repeat  the  above  with  several  solu- 
tions of  the  intermediate  concentrations.  The 
appropriate  correction,  estimated  from  the 


cuvet-correction  plot  and  the  uncorrected  ab- 
sorbance of  the  sample,  is  then  made  on  the 
observed  absorbance.  Naturally,  the  cuvets 
should  be  kept  scrupulously  clean  and  han- 
dled with  extreme  care.  For  the  greatest 
possible  accuracy,  it  would  probably  be  de- 
sirable to  devise  some  system  where  the 
cuvets  could  be  emptied  and  filled  without 
removing  them  from  the  cuvet  compartment. 

Summary.  The  various  methods  which 
have  been  proposed  for  decreasing  the  rela- 
tive error  in  spectrophotometric  concentra- 
tion measurements  have  been  discussed  in 
terms  of  the  general  relationship  given  in 
Equation  1.  The  conditions  for  the  lowest 
possible  relative  error  in  concentration  are 
as  follows:  for  AA,  the  error  in  the  absorb- 
ance measurement,  to  be  as  small  as  possible 
and  the  absolute  value  of  the  product  of  the 
concentration,  (7,  and  the  slope,  S,  of  the 
absorbance-concentration  plot  to  be  as  large 
as  possible.  The  direct  methods  discussed  are 
somewhat  arbitrarily  divided  into  three 
groups:  those  which  make  AA  as  small  as 
possible;  those  which  make  the  SC  product 
as  large  as  possible  primarily  by  varying  C; 
and  those  which  make  the  SC  product  as 
large  as  possible  primarily  by  increasing  S. 

The  danger  in  assuming  that  an  increase 
in  spectrophotometric  sensitivity,  i.e.,  mak- 
ing AA  small,  will  result  in  a  decrease  in 
the  relative  concentration  error  is  forcefully 
illustrated  by  Kortiim's  work.20  Although 
Kortum  was  able  to  measure  the  absorbance 
very  precisely,  this  alone  did  not  mean  he 
was  able  to  determine  the  concentration  with 
equal  precision.  The  apparent  reason  was 
that  the  relation  between  the  measured  ab- 
sorbance and  concentration  varied  with  time 
and  it  was  only  when  he  determined  this 
relation  at  the  same  time  and  under  exactly 
the  same  conditions  as  he  used  to  measure 
the  absorbance  of  the  sample  that  any  sig- 
nificant decrease  in  relative  concentration 
error  was  observed. 

The  two-reference  method  proposed  by 
Reilley  and  Crawford89  is  discussed  in  terms 
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of  Equation  1  as  a  method  which  makes  the 
slope,  S,  as  large  as  possible.  The  assump- 
tions on  which  this  method  is  based  are  that 
the  principal  source  of  error  is  the  scale 
reading  error  and  that  any  technique  which 
makes  the  relative  concentration  error  less 
sensitive  to  a  given  scale  reading  error  will 
lead  to  a  decrease  in  the  relative  concentra- 
tion error.  The  validity  of  the  first  assump- 
tion is  questionable.10*20  Furthermore,  the 
manner  in  which  the  slope  is  increased,  by 
balancing  the  spectrophotometer  on  two 
reference  solutions  at  both  ends  of  the  scale, 
causes  the  instrument  to  become  more  un- 
stable as  the  transmittance  difference  be- 
tween the  reference  solutions  is  decreased 
and  AA  increases,  thus  defeating  the  primary 
objective. 

The  transmittance-ratio  method,  which 
makes  the  product,  SO,  large  primarily  by 
increasing  C,  has  been  experimentally  shown 
to  lead  to  a  significant  decrease  in  relative 
concentration  error.1*  2»  5»  6*  7-  8«  9»  "•  26»  85 
This  method  requires  no  special  instrumen- 
tation and  the  spectrophotometer  is  not  used 
in  such  a  way  that  it  becomes  unstable 
as  in  the  case  of  the  two-reference  method. 
The  practically  simultaneous  comparison  of 
reference  and  sample  solutions  of  approxi- 
mately the  same  concentration  results  in  the 
compensation  of  systematic  errors.  This 
compensation  of  errors  may  well  be  a  more 
important  factor  in  differential  spectropho- 
tometric  measurements  than  any  theoretical 
gain  in  precision. 

The  "ultimate  method"  for  improving  the 
precision  of  concentration  measurements 
based  on  spectrophotometric  data  may  be 
an  indirect  method  because  with  this  tech- 
nique there  are  no  instrumental  limitations 
on  the  concentration  of  the  substance  being 
determined.  Unlike  the  direct  transmittance- 
ratio  differential  method,  there  is  no  neces- 
sity for  balancing  the  spectrophotometer  on 
a  highly  absorbing  reference  solution.  The 
absorbance  of  the  bleached  solution  which  is 
actually  read  in  an  indirect  method  should 
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be  rather  low  and,  in  the  ideal  case,  would 
be  zero.  Actually,  it  is  much  better  to  balance 
the  spectrophotometer  at  zero  absorbance 
with  a  reference  solution  slightly  more 
bleached  than  the  sample  solution.  This  is 
particularly  advantageous  when  the  equilib- 
rium constants  involved  are  such  that  the 
absolute  value  of  the  slope  of  the  absorbance- 
concentration  plot  decreases  rather  rapidly 
as  the  extent  of  bleaching  approaches  100  %. 
The  use  of  a  differential  method,  i.e.,  bal- 
ancing the  spectrophotometer  with  a  slightly 
more  bleached  reference  solution,  permits 
the  open  end  of  the  spectrophotometer  scale 
to  be  used  without  the  requirement  that 
the  colored  solution  be  almost  completely 
bleached.  It  also  results  in  the  compensation 
of  systematic  errors  which,  in  this  case,  is 
probably  the  more  important  reason  for 
using  a  differential  method. 

Practically,  the  application  of  an  indirect 
differential  method  to  the  precise  spectro- 
photometric determination  of  major  con- 
stituents in  a  sample  may  be  severely  limited 
by  the  lack  of  suitable  color  systems.  The 
chief  applications  of  the  indirect  method 
have  been  made  in  the  determination  of  the 
fluoride  ion.  Lothe24  reported  very  good  pre- 
cision for  the  determination  of  fluoride  by  an 
indirect  differential  method  with  the  per- 
centage standard  deviation  only  0.2%  when 
the  fluoride  concentration  was  500  7  per  50 
ml.  The  chief  source  of  error  in  the  method 
used  by  Lothe  was  very  probably  chemical, 
a  large  pH  dependence,  and  a  further  in- 
crease in  the  fluoride  ion  concentration  would 
probably  not  improve  the  precision.  Pro- 
vided suitable  color  systems  were  available, 
however,  the  relative  precision  which  could 
be  attained  by  indirect  differential  methods 
should  be  as  great  or  greater  than  that  at- 
tained previously  with  direct  differential 
methods. 

The  distinction  between  absolute  and  rela- 
tive spectrophotometric  measurements  is  of 
paramount  importance  and  is  especially  im- 
portant when  the  purpose  of  the  measure- 
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ments  is  the  precise  determination  of  con- 
centration. The  failure  to  appreciate  that 
the  relative  precision  in  concentration  meas- 
urements can  be  greatly  increased  by  ex- 
tremely simple  means  can  be  quite  costly  in 
time  and  materials.  Attempts  to  increase  the 
relative  precision  in  concentration  measure- 
ments by  building  more  sensitive  spectro- 
photometers  or  by  using  the  spectropho- 
tometer  in  some  unorthodox  manner  are  not 
only  costly  and  time  consuming,  but  will 
probably  not  result  in  any  significant  gain 
in  precision.  The  relative  precision  of  con- 
centration measurements  can  be  increased 
greatly  by  using  the  spectrophotometer  as  a 
null  point  device  in  comparing  the  sample 
with  some  known  reference  solution.  This  is 
the  basis  of  methods  such  as  the  transmit- 
tance-ratio  method,  indirect  differential 
methods,  and  spectrophotometric  titrations. 
Even  though  high  precision  is  not  required, 
the  use  of  a  differential  method  often  results 
in  a  compensation  of  systematic  errors  and 
is  thus  useful  even  in  trace  analysis. 
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FATS,  OILS,  FATTY  ACIDS,  AND  GLYCERIDES 
(Ultraviolet  Spectroscopy) 

Emphasis  on  the  application  of  chemical 
Spectroscopy  today  is  centered  on  the  use  of 
newer  tools,  on  extensions  of  the  electro- 
magnetic spectrum,  or  on  techniques  em- 
ploying these  radiations  in  differing  ways. 
Thus  we  attend  a  symposium  on  the  applica- 
tion of  ultraviolet  atomic  absorption,  or  read 
papers  describing  applications  of  molecular 
fluorescence.  We  learn  about  nuclear  mag- 
netic resonance  Spectroscopy  and  the  ad- 
vantages of  combinations  of  gas-phase  chro- 
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matography  with  mass  or  with  infrared 
spectroscopy.  In  this  continual  expansion  of 
spectroscopy  to  provide  new  tools  for  the 
analytical  chemist,  the  use  of  ultraviolet  mo- 
lecular absorption  is  almost  overlooked.  The 
fact  remains,  however,  that  with  emission 
analysis,  ultraviolet  molecular  absorption  is 
the  oldest  branch  of  spectroscopy  to  be  ap- 
plied to  the  problems  of  the  analytical 
chemist  and  is,  perhaps,  still  making  a 
greater  over-all  contribution  than  any  other 
branch  of  spectroscopy. 


The  ultraviolet  region  is  defined  as  that 
portion  of  the  electromagnetic  spectrum  just 
above  about  20  A  to  about  400  millimicrons. 
Below  20  A  radiation  arises  from  transitions 
of  inner-orbital  electrons,  that  is  x-ray 
spectra;  above  400  millimicrons  the  human 
eye  becomes  a  detector  and  the  portion  of 
the  electromagnetic  spectrum  above  this 
wavelength  is  visible  spectra.  However,  in 
practical  applications  of  ultraviolet,  meas- 
urements must  be  confined  mainly  to  the 
limits  220  to  400  millimicrons  as  below 
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FIG.  1.  Ultraviolet  absorption  spectra:  (a)  and  (c)  noncharacteristic  absorption  of  linoleic  and 
linolenic  acids,  respectively;  (b)  and  (d)  characteristic  absorption  of  alkali-isomerized  linoleic  and  lino- 
lenic  acids,  respectively. 
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220  millimicrons  several  factors  contribute 
to  decrease  its  usefulness.  Among  these  are 
the  fact  that  at  about  220  millimicrons:  (a) 
air  begins  to  absorb;  (b)  quartz,  the  usual 
material  for  optics  in  the  ultraviolet  region, 
exhibits  absorption;  (c)  the  photoelectric 
detectors  become  less  sensitive;  and  (d)  the 
light  sources,  i.e.,  the  hydrogen  discharge 
lamp,  become  weaker.  Considerable  interest 
has  been  shown  in  extending  this  region,  220 
to  400  millimicrons,  to  include  the  range  of 
ethylenic  absorption  from  170  to  220  milli- 
microns for  analytical  applications.  With 
instruments  equipped  with  special  types  of 
detectors  sensitive  to  short  wavelength  ultra- 
violet radiation  and  with  suitably  intense 
light  sources,  a  wavelength  of  170  milli- 
microns can  be  reached  by  purging  the  in- 
strument with  a  gas  more  transparent  to 
these  wavelengths  than  air,  for  example, 
pure  nitrogen.  This  has  been  done  in  a  few 
applications  of  ultraviolet  absorption  spec- 
troscopy  to  fatty  acid  materials  and  in  this 
article  the  ultraviolet  will  be  defined  as  the 
region  of  the  electromagnetic  spectrum  ex- 
tending from  about  170  to  about  400  milli- 
microns. 

Examination  of  the  ultraviolet  absorption 
spectrum  of  various  molecules  shows  that 
they  can  be  divided  into  two  classes:  (a) 
compounds  exhibiting  smooth  absorption 
usually  increasing  toward  shorter  wave- 
lengths, called  noncharacteristic  or  nonselec- 
tive  absorption  and  (b)  those  molecules  ex- 
hibiting spectra  consisting  of  one  or  more 
regions  of  maximum  absorption  called  char- 
acteristic or  selective  absorption.  In  Figure 
1,  a  and  b,  the  ultraviolet  spectra  of  linoleic 
and  linolenic  acids  represent  examples  of 
noncharacteristic  absorption.  Examples  of 
characteristic  absorption  are  illustrated  by 
the  spectra  of  dphar  and  6eJa-eleostearic 
acids  in  Figure  2.  The  steeply  increasing 
noncharacteristic  absorption  toward  shorter 
wavelengths,  in  Figure  1,  a  and  b,  arises  as 
end-absorption  from  intense  absorption 
maxima  of  the  C=C  and  of  the  COOH 
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FIG.  2.  Ultraviolet  absorption  spectra  of  cyclo- 
hexane  solutions  of  a-  and  /3-eleostearic  acids. 

groups  below  200  millimicrons.  While  the 
magnitude  of  noncharacteristic  absorption 
might  indicate  the  presence  and  amount  of 
these  components,  this  type  of  absorption  is 
generally  of  no  value  for  analytical  purposes 
and  will  not  be  considered  here. 

Further  examination  of  the  ultraviolet 
spectra  of  various  molecules  reveals  that 
with  only  a  few  exceptions  (which  will  be 
referred  to  later)  characteristic  absorption  is 
observed  only  if  the  compound  is  unsatu- 
rated  and  contains  conjugated  double  bonds, 
i.e.,  —  C=C— C=C— ,  — C=C— C=0,  etc. 
Conjugation  of  two  unsaturated  linkages 
forming  the  conjugated  dienoic  system, 
— C=C — O=C — ,  gives  rise  to  an  absorp- 
tion band  of  considerable  intensity  in  the 
region  of  230  millimicrons.  The  exact  posi- 
tion of  this  maximum  can  be  calculated  by 
means  of  Woodward's  rule.  This  rule,  which 
applies  to  acyclic  conjugated  dienes,  assigns 
a  value  of  5  millimicrons  to  be  added  to  the 
position  of  ma.yi.mum  absorption  for  the 
simplest  conjugated  diene  (butadiene,  ca. 
217  millimicrons  in  isooctane  solution)  for 
each  alkyl  substituent  linked  to  the  diene 
chromophore.  Extension  of  the  conjugated 
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system  to  a  trienoic  conjugation, 
C=C — C=C — ,  results  in  a  shift  in  the 
absorption  to  about  268  millimicrons,  while 
a  tetraenoic  system  absorbs  with  maximum 
at  about  315  millimicrons,  pentaenoic  at 
about  346  millimicrons,  hexenoic  at  about 
374  millimicrons,  etc.  Continuation  of  the 
conjugated  system  shifts  the  absorption  into 
the  visible  region  of  the  electromagnetic 
spectrum  and  accounts  for  the  characteristic 
color  of  many  natural  commodities.  Hewitt's 
rule,  which  has  been  known  since  1907, 
states  that  the  longer  the  conjugated  system, 
the  deeper  (i.e.,  more  toward  the  red)  the 
color. 

From  these  observations  it  might  be  con- 
cluded that  ultraviolet  absorption  spectros- 
copy  is  limited  to  investigations  of  those 
molecules  which  contain  polyunsaturation 
at  least  a  portion  of  which  is  conjugated. 
Thus  all  aromatic  compounds,  but  only  a 
relatively  small  per  cent  of  the  long-chain 
aliphatic  compounds  encountered  in  fatty 
acid  chemistry,  would  be  amenable  to  this 
technique.  That  is  a  serious  limitation  to  the 
study  of  long-chain  fatty  acids,  esters,  and 
their  glycerides  and  other  derivatives  by 
ultraviolet  absorption.  Saturated  and  mono- 
unsaturated  compounds  usually  cannot  be 
investigated  by  means  of  ultraviolet  spec- 
troscopy.  HQwever,  nonconjugated  polyun- 
saturated  molecules  are  not  always  excluded, 
for  simple  analytical  pretreatment  does,  in 
favorable  cases,  permit  a  rearrangement  of 
the  double  bonds  into  conjugation  and  meas- 
urement by  means  of  ultraviolet  spectros- 
copy. 

While  conjugations  of  various  combina- 
tions of  unsaturated  linkages  have  limited 
usefulness,  the  specific  conjugation  of  two  or 
more  ethylenic  linkages  occurring  naturally 
(performed  conjugation)  or  after  suitable 
analytical  pretreatment  of  the  sample  (isom- 
erized  conjugation)  account  for  the  great 
majority  of  successful  applications  of  ultra- 
violet absorption  spectroscopy  in  fat  and 
oil  chemistry.  An  ultraviolet  spectrum  of  an 
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unknown  fat  or  oil  can  yield  considerable 
information  regarding  its  composition.  It  can 
be  used  to  determine:  (a)  whether  the  partic- 
ular sample  contains  any  unsaturated  con- 
jugated material;  (b)  if  conjugated  sub- 
stances are  present,  the  order  of  conjugation, 
i.e.,  diene,  triene,  etc.;  (c)  if  there  is  evidence 
of  diene  conjugations,  application  of  Wood- 
ward's rule  will  furnish  some  evidence  as  to 
the  nature  of  the  substituents;  (d)  particular 
characteristics  of  the  ring  triene  conjugation 
of  aromatic  molecules  can  be  recognized  and 
the  presence  or  absence  of  this  class  of  com- 
pounds established;  and  (e)  conjugation  in 
nonaromatic  rings  gives  rise  to  characteristic 
absorption  bands  which  can  be  recognized 
and  analyzed  by  extensions  of  Woodward's 
rule  to  nonaromatic  cyclic  compounds. 
Hence  ultraviolet  absorption  spectroscopy 
has  been  serving  the  lipide  chemist  faith- 
fully for  some  time  and  even  with  extensions 
of  analytical  spectroscopy  to  other  regions 
of  the  electromagnetic  spectrum  and  the 
development  of  new  uses  of  these  radiations 
in  various  ways  to  give  rise  to  entirely  new 
tools  of  spectroscopy,  ultraviolet  absorption 
is  likely  to  remain  a  most  important  tech- 
nique for  the  fatty  acid  chemist. 

Quantitative  Applications  to  Problems 
in  Fat  and  Oil  Chemistry 

Single-Component  Analysis:  Deter- 
mination of  Vitamin  A.  Most  applications 
of  ultraviolet  absorption  spectroscopy  to 
fatty  acid  chemistry  have  been  quantitative 
in  nature  as  this  tool  lends  itself  readily  to 
accurate  and  sensitive  quantitative  meas- 
urements. Quantitative  analysis  by  ultra- 
violet spectrophotometry  is  based  on  the 
laws  of  Bouguer  and  of  Beer.  These  two 
laws  can  be  conveniently  combined  into  the 
single  expression: 

a  -  A/be  (1) 

whence: 

c  -  A/db  (2) 

where  a  is  a  constant  characteristic  of  the 
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absorbing  medium,  called  the  absorptivity. 
For  a  pure  compound,  a,  when  measured 
with  an  instrument  which  permits  sufficient 
resolution,  is  a  constant  characteristic  of  the 
specific  compound.  If  the  absorbance  A  of 
lie  pure  compound  is  measured  with  an 
ultraviolet  spectrophotometer  in  a  cell  6 
cm  long  in  solution  in  a  suitably  transparent 
solvent  at  a  concentration  of  c  grams  per 
liter,  a  can  be  calculated  from  equation  (1). 
Once  established,  the  value  of  a  can  be  used 
for  measurements  made  on  solutions  con- 
taining unknown  quantities  of  the  same  ab- 
sorbing component,  by  means  of  equation 
(2),  provided  only  that  these  measurements 
are  made  under  the  same  conditions,  i.e., 
identical  optical  and  electronic  settings  of 
the  instrument. 

The  single  component  method  of  analysis 
can  be  illustrated  by  the  determination  of 
vitamin  A.  This  compound  exhibits  a  spec- 
trum with  a  characteristic  maximum  at  325 
millimicrons  (Figure  3).  Once  the  absorptiv- 
ity of  the  pure  vitamin  A  is  determined, 
measurements  of  samples  containing  it  can 
be  made  very  rapidly.  Details  of  the  specific 
procedure  are  given  in  the  Association  of 
Vitamin  Chemists'  Method  of  Vitamin 
Assay.1  Luckmann  and  his  co-workers2  re- 
ported extensive  investigations  of  this  anal- 
ysis for  the  determination  of  vitamin  A  in 
fortified  fats,  particularly  margarine,  and 
concluded  that  ". . .  the  spectrophotometric 
method  is  the  most  reliable  procedure  for 
assaying  margarine  for  vitamin  A  following 
fortification  with  quality  vitamin  A  concen- 
trates. It  is  far  more  precise  than  the  bio- 
logical assay  and  equally  as  specific  for 
vitamin  A  . . .".  If  the  unfortified  material 
is  available,  the  determination  can  best  be 
made  by  measuring  both  the  fortified  and 
the  nonfortified  samples  at  325  millimicrons 
and  calculating  the  vitamin  A  concentration 
from  the  relation: 

III  U.S.P.  units  of  vitamin  A  per  gram 

-  (a  -  a)  X  5,700  X  1/0.3, 
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FIG.  3.  Ultraviolet  absorption  of  vitamin  A. 

where  a  and  a  are  absorptivities  at  325  milli- 
microns for  the  fortified  and  nonfortified 
samples,  respectively,  5,700  is  a  factor  for 
conversion  from  spectrophotometric  to  gravi- 
metric units  and  0.3  is  a  factor  to  convert 
grams  to  U.S.P.  units. 

Murray  and  co-workers  have  applied  the 
technique  to  show  that  vitamin  A  was  rea- 
sonably stable  in  sesame  oil8 

If  the  nonfortified  sample  is  not  available 
a  correction  for  absorption  at  325  milli- 
microns, not  due  to  vitamin  A,  can  be  made 
by  the  Morton-Stubbs  procedure.4 

In  this  procedure  extraneous  absorption  is 
corrected  mathematically  on  the  assumption 
that,  when  plotted,  such  absorption  is  a 
straight  line  across  the  portion  of  the  curve 
being  measured.  Braekkan  and  Lambertsen5 
used  a  direct  measurement  of  ultraviolet 
absorption  with  the  Morton  and  Stubbs  cor- 
rection to  determine  vitamin  A  in  cod-liver 
and  other  vitamin  oils.  It  has  been  adopted 
by  the  U.  S.  Pharmacopeia6  and  by  the 
Association  of  Official  Agricultural  Chem- 
ists.7 Details  will  be  found  also  in  the  Asso- 
ciation of  Vitamin  Chemists'  Methods  of 
Vitamin  Assay.1 

To  avoid  mathematical  corrections,  when 
a  nonfortified  sample  is  not  available,  some 
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workers  suggested  a  prior  chromatographic 
treatment  to  remove  interfering  absorption. 
Wilkie8  used  magnesia  to  purify  margarine 
extracts,  but  subsequent  tests  of  his  method 
revealed  that  the  resulting  extract  does  not 
exhibit  a  spectrum  typical  of  vitamin  A.9 
Boldingh  and  Drost10  used  a  twin  chromato- 
graphic column,  the  first  portion  alumina, 
the  second  alkali-treated  alumina,  and  ob- 
tained a  purified  extract  with  a  spectrum 
identical  to  that  of  pure  vitamin  A.  Braek- 
kan  and  Lambertsen11  simplified  this  proce- 
dure by  combining  the  two  adsorbents  into 
a  single  column  and  obtained  comparable 
results.  Rosner  and  Kan9  maintained  that 
the  alkali  alumina  alone  was  sufficient  and 
Lord  and  Bradley12  argued  against  the  use 
of  any  activated  adsorbent  as  nonrepro- 
ducible,  and  urged  the  use  of  natural  bone 
meal.  However,  their  choice  of  a  natural 
product  has  likewise  been  criticized  as  non- 
reproducible.1238  Wilkie  and  Jones18  reviewed 
the  importance  of  a  reproducible  adsorbent 
and  published  procedures  for  the  standard- 
ization of  alumina  and  magnesia  mixtures 
used  in  vitamin  A  chromatography.  Fried- 
man14 has  reported  the  results  of  collabora- 
tive testing  by  the  Association  of  Official 
Agricultural  Chemists  on  the  determination 
of  vitamin  A  in  oleomargarine  fortified  with 
carotene  and  vitamin  A,  and  briefly  reviewed 
the  collaborative  testing  by  this  Society  over 
a  period  of  fifteen  years.  As  a  result  of  latest 
collaborative  tests,  a  procedure  using  the 
standardized  alumina  adsorbent,  with  an 
additional  requirement  of  magnesia-"Celite" 
chromatography  if  the  final  extract  is  col- 
ored, has  been  recommended  for  adoption 
by  the  AOAC.  Details  of  the  procedure  are 
given  in  Friedman's  report. 

The  problem  of  obtaining  agreement  in 
vitamin  A  assay  by  direct  ultraviolet  spec- 
trophotometry  with  bioassays  is  compli- 
cated, as  pointed  out  by  Morton  and  Bro- 
Rasmussen,1*  by  the  occurrence  in  natural 
products,  particularly  fish  oils,  of  three 
vitamin  A  active  substances,  all  trans  vi- 
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tamin  A,  neovitamin  Ai ,  and  vitamin  A2 . 
Bro-Rasmussen,  Hjarde  and  Porotnikofif16 
have  proposed  a  method  involving  a  separa- 
tion of  all  three  components  on  dicalcium 
phosphate  columns  and  their  separate  deter- 
mination by  ultraviolet  spectrophotometry, 
illustrating  the  method  with  the  analysis  of 
fish  oils.  Tsuchiya  and  Kaneko,17  and  Ka- 
math  and  Magar18  have  shown  that  Japanese 
and  Indian  fish  oils  exhibit  spectra  similar 
to  that  of  vitamin  A  fortified  cottonseed  oil. 

Vitamin  D,  like  vitamin  A,  exhibits  an 
ultraviolet  spectrum  with  a  characteristic 
absorption  band.  This  characteristic  band 
with  a  maximum  of  265  millimicrons  can  be 
used  to  detect  and  determine  vitamin  D  con- 
tent of  natural  or  irradiated  fats  and  oils. 
Brockmann  and  his  co-workers19  have  shown 
that  vitamin  D2  (irradiated  ergosterol)  and 
vitamin  D8  (activated  7-dehydrocholesterol) 
have  the  same  absorption  curves  and  iden- 
tical absorptivities.  Direct  determination  of 
vitamin  D2  content  by  measurement  of  the 
intensity  of  the  band  at  265  millimicrons  has 
been  reported  by  Reerink,  van  Wijk  and  van 
Niekerk,20  Topelmann  and  Schuhknecht,21 
and  OPKhin.22  Marcussen23  used  hydraffin 
K4  and  Ewing  and  co-workers24  "Super- 
filtrol"  as  adsorbents  in  a  chromatographic 
purification  in  the  analysis  of  vitamin  D  in 
irradiated  corn  oil  and  fish  liver  oils  which 
contained  interfering  vitamin  A  and  provita- 
min A  (carotene).  Ewing  and  co-workers2416 
also  reported  a  satisfactory  determination  of 
vitamin  D2  in  the  presence  of  vitamin  A, 
using  a  two-step  chromatographic  process, 
the  first  step  employing  "Superfiltrol,"  the 
second  activated  alumina. 

Single-Component  Analysis:  Deter- 
mination of  Alpha-Eleostearic  Acid. 
Another  example  of  a  single-component 
analysis  in  the  field  of  fatty  acid  chemistry 
is  the  determination  of  eleostearic  acid 
(9,11,13-octadecatrienoic  acid)  in  tung  oil. 
Tung  oil  owes  its  particular  properties  as  a 
drying  oil  to  the  presence  of  about  80%  of 
alpha-eleostearic  acid.  In  fresh,  or  so-called 
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alpha-tung  oil,  this  acid  occurs  as  the  alpha- 
isomer  only.  The  structure  of  alpha-eleo- 
stearic  acid  has  been  established  mainly 
from  infrared  absorption  measurements  re- 
ported independently  by  two  groups  C25'26) 
as  9-cis,  11-trans,  13-2rans-octadecatrienoic 
acid.  It  is  thus  a  naturally  occurring  triene 
conjugated  compound. 

Estimations  of  the  quality  of  tung  oil  have 
been  made  by  a  long,  tedious,  and  not  en- 
tirely satisfactory  determination  of  eleo- 
stearic  acid  by  empirical  calculations  from 
maleic  anhydride  addition  reactions.  Appli- 
cation of  the  single-component  method  for 
the  determination  of  this  constituent  in 
alpha-tung  oil  is  extremely  rapid.  As  shown 
in  Figure  2,  the  spectrum  of  this  compound 
exhibits  three  characteristic  maxima,  the 
most  intense  occurring  at  271.5  millimicrons 
(in  cyclohexane  solution).  A  few  milligrams 
of  the  oil  are  accurately  weighed  into  a  small 
volumetric  flask,  dissolved  in  and  brought  to 
volume  with  cyclohexane  and  a  single  spec- 
trophotometric  measurement  made  at  271.5 
millimicrons.  Calculation  of  the  concentra- 
tion of  alpha-eleostearic  acid  in  the  prepared 
solution  can  be  made  by  the  simple  relation, 
derived  from  equation  (2)  above,  where 
168.6  is  the  absorptivity  which  has  been 
established  for  pure  alpha-eleostearic  acid  in 
cyclohexane:27 


c  -  -4/168.6  X  6 


(3) 


The  complete  analysis  can  be  made  in  a  few 
minutes  as  compared  to  the  day-long  maleic 
anhydride  addition  method.  No  other  com- 
ponent of  fresh  tung  oil  contributes  to  the 
absorption  at  271.5  millimicrons  and  no  cor- 
rections for  interferences  are  required.  Thus 
we  have  an  excellent  illustration  of  a  direct, 
simple,  single-component  ultraviolet  ab- 
sorption analysis  for  the  fatty  acid  chemist. 
Multicomponent  Analysis:  Determi- 
nation of  Alpha-  and  Beta-Eleostearic 
Acid  in  Tung  Oil.  As  tung  oil  ages,  its 
viscosity  may  increase  and  it  may  under 
certain  conditions  become  solid.  This  change 


is  promoted  by  trace  quantities  of  certain 
catalysts  such  as  iodine,  selenium,  sulfur, 
etc.  The  change  is  due  to  an  isomerization  of 
alpha-eleostearic  acid  to  the  beta-isomer  and 
the  resulting  oil  is  known  as  beta-tung  oil. 
The  configuration  of  the  beta-isomer  has 
been  established26'28  as  9-Jrans,  11-trans,  13- 
frans-octadecatrienoic  acid.  The  ultraviolet 
absorption  of  beta-eleostearic  acid  is  similar, 
but  not  identical,  to  that  of  alpha-eleostearic 
acid  (Figure  2),  and  there  is  a  considerable 
difference  in  the  absorptivity  values  at  the 
positions  of  maxima,  for  both  isomers.  In 
beta-tung  oil  both  isomers  are  present.  As 
the  absorption  of  each  contributes  to  the 
other,  neither  can  be  determined  independ- 
ently. However,  both  can  be  quantitatively 
measured  simultaneously  by  the  technique 
known  as  spectrophotometric  multi-compo- 
nent analysis.  All  that  is  required  is  a 
knowledge  of  the  absorptivity  of  the  alpha- 
isomer  (preferably  at  a  position  of  one  of  its 
Tnfl.3rimiim  absorption  bands)  and  the  ab- 
sorptivity of  the  beta-eleostearic  acid  at  this 
position;  and,  similarly,  the  absorptivity  of 
the  beta-isomer  at  one  of  its  maxima  where 
the  absorptivity  of  the  alpha-eleostearic 
acid  is  known.  The  required  absorptivities 
have  been  re-evaluated  recently28  for  cyclo- 
hexane and  for  99%  ethanol  solutions.  For 
cyclohexane  they  are: 

At  271.5  millimicrons 
alpha-eleostearic  acid  (max.) :  a  =  176.7 
beta-eleostearic  acid  :  a  =  168.0 

At  269.0  millimicrons 

beta-eleostearic  acid  (max.):  a  =  201.8 
alpha-eleostearic  acid          :  a  =  157.3 

Therefore: 

At  271.5  millimicrons  the  total  measured 
absorptivity  of  the  sample  will  be: 

176.7  X  %  alpha-acid  +  168.0  X  %  beta-acid    (4) 

and: 

At  269.0  millimicrons  the  total  measured 
absorptivity  of  the  sample  will  be: 

201.8  X  %  beta-acid  +  157.3  X  %  alpha-acid    (5) 
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Simultaneous  solution  of  equations  (4)  and 
(5)  and  spectrophotometric  measurements 
and  calculations  of  the  two  absorptivities  of 
the  sample  at  the  two  wavelengths,  permits 
a  calculation  of  both  alpha-  and  beta-eleo- 
stearic  acid  in  the  particular  sample. 

Thus  ultraviolet  spectrophotometry  pro- 
vides not  only  a  much  more  rapid  determi- 
nation of  eleostearic  acid  content  in  tung  oil 
than  is  possible  by  chemical  methods,  but  it 
affords  a  simple  means  for  determination  of 
the  relative  amounts  of  the  two  isomers,  an 
analysis  which  cannot  be  made  by  chemical 
means,  and  one  of  considerable  importance 
in  cases  where  solidification  of  the  supply  of 
oil  is  of  some  concern. 

Multicomponent  Analysis:  Determi- 
nation of  the  Constituents  of  Sesame 
Oil.  A  second  example  of  the  use  of  multi- 
component  analysis  in  fatty  acid  chemistry 
is  the  determination  of  the  constituents  of 
sesame  oil  by  Budowski,  O'Connor,  and 
Field.29  The  ultraviolet  spectrum  of  sesame 
oil  differs  from  that  of  most  vegetable  oils 
due  to  the  presence  of  the  components  sesa- 
min,  sesamolin,  and  sesamol  in  this  oil. 
Sesamol,  which  occurs  both  in  the  free  and 
in  the  bound  form  (sesamolin)  in  sesame  oil, 
possesses  marked  antioxidant  activity  in 
lard  and  various  vegetable  oils.  Sesamin  has 
been  investigated  for  its  synergistic  activity 
with  pyrethrin  insecticides.  Using  ultraviolet 
absorption  spectroscopy  in  connection  with 
the  well-known  Villavecchia  color  reaction, 
Budowski  et  d.  described  a  procedure  for  the 
simultaneous  determination  of  the  three  con- 
stituents by  multicomponent  methods  of 
ultraviolet  spectroscopy.  Suarez  C  and  co- 
workers80  later  modified  this  procedure  and 
extended  it  to  include  the  analysis  of  sesamin 
concentrates.  Beroza81  incorporated  a  chro- 
matographic  purification  step  using  a  silicic 
acid  column,  which  is  recommended  particu- 
larly for  samples  which  require  large  correc- 
tions for  interfering  absorption,  such  as 
oxidized  sesame  oils  or  oils  which  have  been 
subjected  to  accidental  alkali  isomerization. 
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Multicomponent  Analysis:  Determi- 
nation of  Nonconjugated  Polyunsatu- 
rated  Fatty  Acids.  By  all  odds,  the  most 
important  application  of  ultraviolet  absorp- 
tion spectroscopy  to  fat  and  oil  chemistry 
has  been  the  quantitative  determination  of 
nonconjugated  polyunsaturated  acid  in  fats, 
oil,  triglycerides,  and  their  esters,  and  other 
derivatives.  These  methods  are  all  based  on 
the  principles  of  multicomponent  analysis. 
The  polyunsaturated  acids  in  most  fats  and 
oils  are  nonconjugated  and,  exhibiting 
spectra  similar  to  those  shown  for  linoleic 
and  linolenic  acids  in  Figure  1,  a  and  b,  are 
not  amenable  to  spectrophotometric  anal- 
ysis. 

In  1943  Mitchell,  KraybiU,  and  Zscheile82 
described  an  isomerization  procedure  for  the 
direct  determination  of  linoleic  and  linolenic 
acid  content  of  vegetable  and  animal  fats 
and  oils  by  means  of  multicomponent  anal- 
ysis based  on  the  observations  of  Dann  and 
Moore88  that  linoleic  and  linolenic  acids  are 
respectively  isomerized  to  conjugated  dienoic 
and  to  mixtures  of  conjugated  dienoic  and 
trienoic  acids  by  heating  with  alcoholic 
potassium  hydroxide,  and  of  Kass,  Miller, 
and  Burr84  that  this  isomerization  is  effected 
much  more  rapidly  at  higher  temperatures, 
i.e.,  with  the  use  of  a  solution  of  alcoholic 
potassium  hydroxide  and  ethylene  glycol 
at  180°  C.  The  procedure  of  Mitchell  et  al 
underwent  considerable  modifications  cul- 
minating in  the  American  Oil  Chemists' 
Society  Official  Method  Cd  7-5S.85  The  de- 
velopment of  the  method  in  its  present  form 
has  been  described  by  O'Connor  in  his  paper 
delivered  before  the  American  Oil  Chemists' 
Society  Short  Course  on  Analytical  Tech- 
niques at  the  University  of  Illinois  in  August, 
1955.86 

The  method  was  first  proposed  to  deter- 
mine linoleic  and  linolenic  acids.  It  was 
shortly  extended  to  include  arachidonic  acid 
by  Brice  and  his  co-workers,  using  absorp- 
tivities proposed  by  Beadle  and  KraybilL  It 
was  later  extended  to  include  pentaenoic 
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acids  by  Herb  and  Biemenschneider  and 
hexaenoic  acids  by  Hammond  and  Lundberg. 
Several  natural  fats  and  oils  exhibit  absorp- 
tion bands  characteristic  of  dienoic  conjuga- 
tions at  232  millimicrons  and  of  trienoic 
conjugation  at  268  millimicrons.  The  so- 
called  "performed"  conjugation  was  believed 
to  arise  from  accidental  conjugation  of  lino- 
leic  and  linolenic  acids  during  the  extraction 
or  subsequent  processing  of  the  oil.  The  ap- 
pearance of  linolenic  acid  in  vegetable  oils 
such  as  cottonseed,  peanut,  sesame,  etc., 
which  from  chemical  analyses  were  not  be- 
lieved to  contain  this  acid;  or  the  appearance 
in  drying  oils,  such  as  soybean  and  linseed, 
of  traces  of  arachidonic  acid,  heretofore  con- 
sidered as  a  constituent  of  animal  and  fish 
oils  only,  were  attributed  to  the  superior 
sensitivity  of  the  spectrophotometric  meth- 
ods. 

O'Connor  et  al.  demonstrated  the  oxidiz- 
ability  of  both  linoleic  and  linolenic  acids  to 
yield  conjugation  of  the  next  higher  order, 
i.e.,  trienoic  from  linoleic  and  tetraenoic  from 
linolenic  acids.  Hilditch  et  al.  questioned  the 
validity  of  considering  this  "performed" 
conjugation  as  evidence  for  unsaturated 
fatty  acids,  and  Swift  et  al.  showed  that  it 
was,  very  probably  the  result  of  oxidation 
to  produce  alpha-,  beta-unsaturated  alde- 
hydes and  dienals  which  exhibit  character- 
istic absorption  at  about  these  wavelengths. 
Swain  and  Brice  made  a  detailed  study  of 
the  formation  of  such  constituents  from 
which  they  were  able  to  demonstrate  that 
traces  of  "performed"  conjugation  absorp- 
tion arise  from  autoxidation  products  of 
oleic,  linoleic  and  linolenic  acids.  As  a  ,result 
of  these  investigations  it  is  now  well  estab- 
lished that  "performed"  conjugation  is  more 
likely  a  measure  of  the  autoxidation  of  an 
oil  rather  than  evidence  for  conjugated  fatty 
acids. 

Several  modifications  have  been  made  and 
are  now  incorporated  into  the  AOCS  official 
method  to  improve  the  precision  and  ac- 
curacy. O'Connor,  Heinzelman,  and  Dollear, 


using  the  method  to  determine  soybean  oil 
admixed  with  cottonseed  oil  by  measuring 
the  trienoic  conjugation  arising  from  the 
linolenic  acid  contents  of  the  former  only, 
proposed  a  complete  nitrogen  blanket  both 
during  the  isomerization  and  during  the 
preparation  of  the  reagent  in  order  to  avoid 
oxidation  of  the  readily  oxidizable  com- 
ponents. Brice  and  co-workers  introduced 
mathematical  equations  to  correct  for  "back- 
ground" absorption  when  applying  the 
method  to  very  small  quantities  of  linoleic, 
linolenic  and  arachidonic  acids  in  animal 
fats  and  tallows.  These  corrections,  while  of 
considerable  value  when  measuring  small 
quantities,  1%  or  less,  of  the  constituent 
acids,  are  not  only  unnecessary,  but  unde- 
sirable in  the  analysis  of  vegetable  and  dry- 
ing oils  where  acid  concentrations  are  of  the 
order  of  20  to  50%. 

Hilditch  and  co-workers  proposed  two  dif- 
ferent conditions  of  alkali  isomerization,  one 
ideal  for  linoleic  and  the  other  for  linolenic 
acids.  White  and  Quackenbush87  suggested  a 
simplified  isomerization  procedure  and  Col- 
lins and  Sedgwick88  have  described  a  simpli- 
fication of  the  AOCS  procedure  which  per- 
mits the  routine  analysis  of  60  samples  of 
soybean  for  linoleic  and  linolenic  acids  in  a 
single  day.  Birch89  has  suggested  the  use  of 
potassium  amide  in  liquid  ammonia  as  a 
stronger  base  for  the  alkali  isomerization  and 
Davenport  et  oZ.40  have  reported  a  prelim- 
inary investigation  of  the  use  of  potassium 
terl-butoxide  in  terl-butanol.  Sreenivasan 
and  Brown41  have  described  in  more  detail 
the  use  of  this  reagent  in  the  isomerization 
of  linoleic  and  linolenic  and  other  polyun- 
saturated  acids  and  its  application  in  the 
spectrophotometric  estimation  of  these  acids. 
The  introduction  of  a  microtechnique  by 
Herb  and  Eiemenschneider  has  proved  par- 
ticularly useful  in  medical,  biochemical  and 
other  applications  where  sample  size  is  a 
serious  problem- 
Several  discrepancies  were  reported  in 
measurements  of  partially  hydrogenated  fats 

41 


ABSORPTION  SPECTROSCOPY— VISIBLE  AND  ULTRAVIOLET 


and  oil  by  the  alkali  isomerization — ultra- 
violet spectrophotometric  method.  Eiemen- 
schneider  and  co-workers  showed  that  the 
rate  of  isomerization  and  magnitude  of  the 
absorptivities  differ  for  different  cis,  cis-, 
eis,  trans-,  and  2rans,£rems-acids.  Therefore 
the  accuracy  of  the  method,  based  on  cis- 
acids  only  will  not  be  satisfactory  when 
samples  such  as  partially  hydrogenated  ma- 
terials (which  can  be  shown  by  infrared 
absorption  spectroscopy  to  contain  a  mixture 
of  cis-  and  Jrans-acids)  are  analyzed.  Brice 
and  his  co-workers  argued  that,  while  the  oils 
examined  contained  fatty  acids  in  the  natu- 
rally occurring  cis-f  orm,  the  absorption  con- 
stants used  in  the  spectrophotometric  calcu- 
lations were  derived  from  acids  prepared  by 
bromination-debromination  methods,  which 
produce  a  mixture  of  cis-  and  Jrans-isomers. 
They  used  pure  cis-linoleic,  linolenic  and 
arachidonic  acids,  prepared  by  Eiemen- 
schneider  and  co-workers,  greatly  improving 
the  accuracy  of  the  procedure.  The  method  is 
not  now  considered  applicable  to  the  anal- 
ysis of  any  sample  which  can  be  shown,  by 
means  of  infrared  absorption  spectroscopy, 
to  contain  Zrans-isomers. 

Brice  et  al.  showed  the  excellent  agreement 
which  can  be  obtained  by  the  spectrophoto- 
metric method  when  analyzing  all  cis-con- 
taining  products  and  O'Connor  et  al.  made 
a  detailed  comparison  with  the  chemical 
methods  for  the  analysis  of  a  number  of 
cottonseed  oils  and  also  showed  good  agree- 
ment. Baldwin  and  Longenecker  tested  the 
method  by  the  analysis  of  known  mixtures 
of  purified  methyl  esters  and  Baldwin  and 
Daubert  with  the  analysis  of  synthetic 
glycerides.  Firestone42  showed  that  the  use 
of  the  method  as  proposed  by  Dugan  and 
Petheram48  and  by  Grouse  and  LefHer44  for 
the  determination  of  adulteration  of  ground 
beef,  pork,  or  lamb,  with  horsemeat  had 
been  found  satisfactory  by  the  Association 
of  Official  Agricultural  Chemists,  who  have 
adopted  an  official  method  very  similar  to 
that  of  the  American  Oil  Chemists'  Society. 
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Firestone45  has  also  shown  that  the  spectro- 
photometric method  is  ideal  for  the  detection 
of  soya  oil  adulteration  of  commercial  corn 
oil  and  that  butter  fats  can  be  satisfactorily 
distinguished  from  margarine  fats.  Beadle 
and  co-workers  have  shown  that  lard  can  be 
detected  in  hydrogenated  vegetable  oils. 

References  to  original  papers  describing 
extensions,  improvements  and  application  of 
the  alkali  isomerization  ultraviolet  absorp- 
tion method  will  be  found  in  the  report  by 
O'Connor.86 

Investigations  of  Oxidation  by  Means 
of  Ultraviolet  Absorption  Spectros- 
copy 

As  mentioned  earlier,  there  are  excep- 
tions to  the  rule  that  selective  absorption 
arises  from  conjugated  unsaturation.  One  of 
the  most  useful  applications  of  low-magni- 
tude selective  absorption  exhibited  by  non- 
conjugated  unsaturated  groups  to  investiga- 
tions of  fats  and  oils  is  that  of  the  carbonyl 
linkage,  C=0.  This  group  in  aldehydes  or 
ketones,  but  not  in  acids  or  ethers,  gives  rise 
to  a  low  broad  characteristic  band  in  the  re- 
gion between  about  260  and  290  millimi- 
crons. The  appearance  of  such  a  band  as 
fatty  acids  or  derivatives  undergo  change, 
as  evidenced  by  chemical  measurements  of 
v  scosity,  peroxide  value,  etc.,  indicates  oxi- 
dHion.  Measurement  of  the  intensities  can 
be  used  to  estimate  the  degree  of  oxidative 
reaction.  When  this  group  is  conjugated  to 
the  ethylenic  linkage  —  O=C— C*=0,  con- 
jugated absorption  in  the  diene,  triene,  tetra- 
ene,  etc.,  regions  is  produced.  Ultraviolet 
absorption  studies  of  these  groups  have  been 
very  useful  in  investigations  of  autoxidation 
of  vegetable  oils,  the  drying  processes  of  dry- 
ing oils,  the  development  of  color  in  oils,  and 
the  factors  affecting  rancidity  or  keeping 
quality  of  oils. 

Mitchell  and  KraybiU46  showed  that 
bleaching  with  fuller's  earth  gives  rise  to 
absorption  bands  in  the  spectra  of  vegetable 
oils.  Oils  containing  linoleic  acid  develop 
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bands  in  the  triene  region,  oils  containing 
linoleic  and  linolenic  acids  in  the  triene  and 
tetraene  regions.  These  workers  compared 
the  ultraviolet  absorption  spectra  of  heat- 
bodied  linseed  oil  (in  vacuo  at  307°C)  and 
blown  linseed  (104:.40C).  Both  oils  exhibited 
characteristic  absorption  in  the  diene  region; 
only  the  blown  oil  exhibited  characteristic 
bands  in  the  triene  region.  Thus,  by  means  of 
ultraviolet  absorption  spectra,  it  is  possible 
to  distinguish  between  linseed  oil  polymer- 
ized in  vacuo  and  oxidized  linseed  oil  in  mix- 
tures with  raw  linseed  oil.  The  absorptivity 
at  232  millimicrons  may  be  used  for  the 
quantitative  analysis  of  oxidized  or  heat- 
bodied  linseed  oil  in  admixture  with  raw 
linseed  oil. 

O'Connor  et  al.,  as  pointed  out  earlier, 
demonstrated  the  readily  oxidizable  prop- 
erties of  both  linoleic  and  linolenic  acids  to 
yield  conjugation  of  the  next  higher  order, 
i.e.,  trienoic  from  linoleic  acid  and  tetraenoic 
from  linolenic  acids,  and  Swift  et  al.  showed 
that  oxidation  of  cottonseed  oil  gave  rise  to 
products  identified  as  alpha-  and  beta-un- 
saturated  aldehydes  and  dienals  which  ex- 
hibit characteristic  absorption  at  these  wave- 
lengths. They  attributed  the  selective 
absorption  to  conjugation  of  the  carbonyl 
and  ethylenic  linkages.  These  experiments 
all  indicated  that  oxidation  is  the  primary 
cause  of  the  formation  of  the  conjugated 
systems  and  that  ethylenic  conjugation  may 
follow  oxidation  and  subsequent  dehydra- 
tion. This  hypothesis  was  definitely  con- 
firmed by  the  detailed  reinvestigation  of 
formation  of  such  constituents  by  Swain 
and  Brice.  Their  work  showed  that  the  con- 
jugated dienoic,  trienoic  and  tetraenoic  fatty 
acids  encountered  in  the  ultraviolet  spectra 
of  several  alkali-isomerized  vegetable  oils 
have  their  origin  in  oxidation  products  of 
oleic,  linoleic  and  linolenic  acids.  Holman 
and  co-workers  studied  the  ultraviolet  ab- 
sorption of  pure  and  oxidized  monoethenoic, 
octadecadienoic  and  octadecatrienoic  acids 


and  esters  and  the  products  of  lipoxidase 
oxidation  of  natural  fats. 

Wolff47  has  made  several  investigations  of 
the  oxidation  of  fatty  acids  and  of  natural 
oils  by  means  of  ultraviolet  absorption.  The 
ultraviolet  absorption  of  pure  linoleic  acid 
and  of  almond,  peanut,  and  olive  oils  in- 
creased with  peroxide  value.  The  oils  also 
revealed  an  increased  absorption  at  270 
millimicrons.  Increased  absorption  at  232 
millimicrons  was  attributed  to  hydroper- 
oxide  formation  and  that  at  270  millimicrons 
as  arising  from  ketonic  oxidation,  probably 
to  produce  diketones.  Bleaching  clay  ("Clar- 
sil")  caused  increased  absorption  at  270 
millimicrons  and  a  decrease  at  232  milli- 
microns, interpreted  as  a  decomposition  of 
the  hydroperoxide  and  the  formation  of  more 
highly  conjugated  systems.  Air  oxidation 
of  linseed  oil,  as  investigated  by  ultraviolet 
absorption,  indicated  hydroperoxide  forma- 
tion at  lower  temperatures  and  decompo- 
sition to  secondary  oxidation  products  at 
higher  temperatures.  Ratios  of  the  absorp- 
tivities  at  232  and  270  millimicrons  were 
suggested  to:  (a)  differentiate  stand  oil  from 
boiled  oil;  (b)  estimate  boiled  oil  in  stand 
oil;  and  (c)  distinguish  extracted  oil  (which 
is  heated  to  expel  solvent)  from  raw  pressed 
oil.  Decolorizing  earth  increased  absorption 
at  270  millimicrons  and  decreased  it  at  232 
millimicrons,  but  at  higher  temperatures 
(150°)  absorption  at  303  and  317  millimi- 
crons is  produced  without  changing  that  at 
232  or  270  millimicrons.  Wolff  showed  that 
rancidity  can  be  detected  by  ultraviolet 
spectrophotometry  in  linoleates;  oleates  and 
olive,  peanut,  and  almond  oils  by  the  for- 
mation of  conjugated  double  bonds. 

Wolff48  has  published  a  review  of  the  use 
of  ultraviolet  spectrophotometry  in  the  ex- 
amination of  oils,  fatty  acids  and  refined 
materials  for  oxidation  products,  antioxi- 
dants  and  other  components  and  has  de- 
scribed the  determination  of  antioxidants, 
butyl  hydroxytoluene,  butyl  hydroxylani-r 
sole  and  gallates,  in  oils  and  lard. 
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Vaillant49  also  using  ultraviolet  spectre- 
photometry,  showed,  in  a  series  of  publica- 
tions, that  during  initial  stages  of  the  stan- 
dolization  of  linseed  oil  the  linoleic  acid 
disappears  more  rapidly  than  the  linolenic 
acid.  When  the  viscosity  is  1  poise,  linolenic 
acid  disappears  seven  times  as  fast  as  linoleic 
acid,  but  above  60  poises,  the  velocity  is 
the  same  for  both  acids.  Minutilli60  demon- 
strated, by  means  of  a  spectrophotometric 
examination  of  linseed  oil  during  standoliza- 
tion,  that  the  stand  oils  prepared  in  an  inert 
gas  atmosphere  are  of  better  quality  than 
those  prepared  by  heating  in  air.  Ultraviolet 
absorption  curves  showed  that  heating  in 
air  produces  conjugated  diene  constituents. 

The  potentialities  of  ultraviolet  absorp- 
tion as  a  tool  for  investigation  of  rancidifica- 
tion  in  fats  has  been  summed  up  by  Lund- 
berg,  Holman,  and  Burr.51  They  concluded 
that  preliminary  investigations  clearly  dem- 
onstrated "that  there  is  promise  of  much 
knowledge  to  be  gained  concerning  the 
course  and  mechanism  of  the  autoxidation 
of  fats,  at  least  in  the  early  stages,  through 
spectroscopic  studies."  Machulis62  demon- 
strated that  while  chemical  methods  and 
organoleptic  evaluation  permit  detection  of 
rancidity  of  fats  only  when  the  process  has 
reached  a  stage  at  which  the  fat  is  practically 
inedible,  ultraviolet  absorption  spectroscopy 
is  more  sensitive  and  more  objective,  evalu- 
ating incipient  stages  of  rancidity  on  the 
basis  of  decreased  transmittancy,  particu- 
larly at  280  millimicrons. 

Hendrickson,  Cox,  and  Konen58  reporting 
on  the  applications  of  ultraviolet  spectro- 
photometry  in  drying  oil  research  concluded 
that  this  technique  "is  a  valuable  tool  for 
investigation  of  some  of  the  chemical  changes 
which  occur  as  a  vegetable  oil  film  dries  and 
ages."  A  review  of  the  applications  of  ultra- 
violet absorption  spectra  to  drying  oil  chem- 
istry has  been  published  by  Kass54  and 
Ahlers55  has  published  surveys  of  the  appli- 
cations of  ultraviolet  absorption  in  oils  and 
resins  and  in  paint  research.  Wolff56  has 
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reviewed  spectrophotometric  methods  for 
the  determination  of  degree  of  alteration 
in  his  articles  entitled  "Present  Knowledge 
About  the  Alteration  of  Fats,"  and  "Phys- 
ical-Chemical Methods  of  Analysis  of  Fatty 
Materials  and  Their  Derivatives." 

Japanese  workers  have  reported  several 
studied  on  the  oxidation  of  fatty  acids,  par- 
ticularly higher  polyunsaturated  acids,  by 
means  of  ultraviolet  spectrophotometry.  An 
excellent  article  by  Toyama57  is  a  review,  in 
English,  compiled  from  several  papers  pub- 
lished in  Japanese  by  this  worker  and  his 
colleagues. 

Miscellaneous  Ultraviolet  Absorption 
Studies  of  Vegetable  and  Drying 
Oils 

O'Connor  et  oZ.58  examined  the  ultraviolet 
spectra  of  several  vegetable  and  drying  oils. 
They  correlated  the  significant  absorption 
bands  occurring  in  these  spectra  with  com- 
pounds giving  rise  to  them  and  interpreted 
modifications  in  absorption  bands  which 
accompany  various  types  of  extractions  and 
with  chemical  changes  which  occur  during 
refining,  bleaching  and  deodorizing.  Tsu- 
chiya  and  Kaneko59  studied,  in  a  similar 
manner,  the  ultraviolet  spectra  of  several 
oils  of  Japan  and  discussed  bands  which 
appear  in  the  spectra  of  these  less  common 
oils.  Hires  and  Tombacz  and  Franzke60  have 
reviewed  the  applications  of  ultraviolet 
spectra  to  vegetable  oils  and  to  natural 
vegetable  fats,  respectively.  Minutilli61  has 
published  a  review  entitled  "Application  of 
Spectrophotometry  in  the  Study  of  Vege- 
table Oils,"  and  Uzzan82  has  shown  the  ad- 
vantages of  the  use  of  ultraviolet  absorption 
spectra  in  studies  of  olive  oils. 

Although  colorimetric  methods  have  been 
widely  employed  to  detect  adulteration  of 
olive  oils,  ultraviolet  absorption  spectros- 
copy is  also  being  used  for  this  purpose. 
Montefredine  and  La  Porta88  have  published 
a  detailed  review  of  the  applications  of  spec- 
trophotometry to  the  analysis  of  olive  oils. 
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They  tabulated  data  from  206  samples  of 
olive  oil  and  showed  that  ratios  of  the  ab- 
sorptivities  at  232  millimicrons  to  those  at 
270  millimicrons  are  generally  higher  than 

10  and  may  reach  20  for  "superfine"  olive 
oils.  Fabbietti64  showed  that  ratios  of  ab- 
sorptivities  at   eight  wavelengths   in  the 
spectra  of  olive  oils  subjected  to  Lieber- 
mann's  reaction  yield  criteria  of  quality  and 
purity  of  the  oil.  If  the  ratio  at  460  milli- 
microns/365 millimicrons  is  less  than  1,  the 

011  is  probably  not  a  virgin  olive  oil  or  is  olive 
oil  subjected  to  refining  process  "A,"  or  is  a 
mixture  of  these  two.  If  0.8  or  less  there  is 
no  doubt.  If  greater  than  1,  the  oil  can  be  a 
super  refined  virgin  olive  oil,  a  good  grade 
oil,  or  a  process  "A"  refined  oil,  or  a  mixture 
of  the  three.  If  the  ratio  of  absorptivities  at 
420  millimicrons  to  400  millimicrons  is  less 
than  0.95,  the  oil  has  probably  been  adulter- 
ated by  process  "B"  refined  oil  or  by  animal 
or  vegetable  oil.  A  ratio  610  millimicrons/ 
500  millimicrons  less  than  0.90  indicates  that 
fractionated  or  esterified  animal  oil  has  been 
added,  while  greater  than  1.23  indicates  the 
presence  of  corn  oil.  The  ratio  of  absorptiv- 
ities at  670  millimicrons  to  620  millimicrons 
greater  than  1.10  indicates  a  superfine  virgin 
olive  oil.  Ninnis  and  Barbili65  used  ultra- 
violet absorption  in  the  examination  of  20 
Greek  olive  oils  to  detect  adulteration  by 
refined  and  rancid  oils  and  vegetable  prod- 
ucts. Mattei  and  Volpi66  used  ratios  of  ab- 
sorbence  at  232  to  270  millimicrons  to  dis- 
tinguish virgin  olive  oils  from  oils  refined  by 
the  two  processes  and  to  detect  small  per- 
centages of  refined  oils  in  virgin  oils.  This 
ratio,  they  report,  will  not  detect  adultera- 
tion of  esterified  oil  with  animal  oleins,  nor 
distinguish  an  oil  refined  by  alkali  or  esteri- 
fication.  Foschini  and  Minutilli*7  and  Minu- 
tilli68  demonstrated  that  fatty  acids  and 
unsaponifiable  matter  from  refined  (earth- 
bleached)  olive  oils  showed  characteristic 
absorption  at  260  and  280  millimicrons  not 
observed  in  the  spectra  of  natural  olive  oils 
and  that  the  peak  at  269  millimicrons,  at- 


tributed to  conjugated  triene,  becomes  more 
prominent  during  deodorizing  and  decoloriz- 
ing. 
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ROBERT  T.  O'CONNOR 

FUSED  SALTS  SPECTRO PHOTOMETRY 

Fused  salts  play  important  roles  in  many 
areas  of  nuclear  technology.  These  include 
high  temperature  homogeneous  reactors,, 
fuel  processing  systems,  and  the  production 
of  very  pure  metals  like  uranium  and  tho- 
rium. There  is  little  doubt  that,  in  the  fu- 
ture, fused  salts  will  find  still  other  applica- 
tions in  the  nuclear  energy  field. 

A  better  understanding  of  the  chemistry 
of  fused  salts  is  required  in  order  to  meet- 
successfully  the  many  challenging  problems- 
associated  with  the  present  and  possible 
future  uses  of  these  versatile  materials. 

Although  fused  salts  constitute  the  largest 
class  of  nonaqueous  inorganic  solvents,, 
chemical  reactions  are  virtually  unexplored 
in  these  media.  The  development  of  a  solu- 
tion chemistry  in  fused  salts  will  depend 
very  largely  on  knowledge  concerning  the 
oxidation  states  and  oxidation-reduction  be- 
havior of  the  solute  ions.  Information  about 
the  kinds  and  stabilities  of  complex  ions- 
present  in  these  solvents  is  equally  important 
because  of  the  profound  effects  such  com- 
plexes may  have  on  the  oxidation-reduction 
potentials.  The  search  for  an  experimental 
approach  to  these  problems,  led  to  the  de- 
velopment of  Spectrophotometric  measure- 
ments on  fused  salts  principally  by  D.  M. 
Gruen  and  associates  at  the  Argonne  Na- 
tional Laboratory,1  B.  Sundheim  and  stu- 
dents at  New  York  University*81*  and  P. 
Smith  and  C.  R.  Boston  at  Oak  Ridge  Na- 
tional Laboratory.28* 
Absorption  Spectrophotometry  has  been 
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one  of  the  classic  tools  in  elucidating  the 
chemistry  of  aqueous  solutions.  The  recent 
application  of  this  technique  to  studies  of 
oxidation  states  and  complex-ion  formation 
in  fused  salts  appears  to  make  it  a  method 
of  equal  promise  for  exploring  the  chemistry 
of  these  nonaqueous  solvents.2* 8 

Instrumentation.  A  general  problem  to 
be  encountered  in  making  spectrophotomet- 
ric  measurements  at  temperatures  above 
500°C  is  due  to  the  emission  of  black  body 
radiation  from  the  sample  and  container. 

This  problem  is  serious  at  higher  tempera- 
tures because  in  most  commercially  available 
spectrophotometers,  light  from  the  source 
passes  first  through  the  monochromator, 
then  through  the  sample  before  finally  strik- 
ing the  phototube.  In  these  instruments 
therefore  the  phototube  "sees"  all  of  the 
black  body  radiation  from  the  hot  sample,  in 
addition  to  the  monochromatized  beam.  The 
signal  (monochromatized  beam)  to  noise 
(black  body  radiation)  ratio  rapidly  dimin- 
ishes with  increasing  temperature  and  is  ap- 


parently low  enough  at  550°C  to  make 
quantitative  spectrophotometric  measure- 
ments difficult.4 

The  solution  to  this  problem  was  the  sim- 
ple expedient  of  reversing  the  positions  of 
light  housing  and  phototube.  With  this  ar- 
rangement, both  the  light  from  the  source 
and  the  black  body  radiation  from  the  sam- 
ple pass  through  the  monochromator  before 
striking  the  phototube.  Thus,  the  black  body 
radiation  problem  is  overcome  until  the 
sample  temperature  approaches  the  light 
source  temperature.  Hie  Beckman  DU 
spectrophotometer  was  used  in  the  published 
work  of  Gruen  et  al.  since  fortunately  it  is  de- 
signed so  that  repositioning  of  the  light  source 
and  detector  is  very  easily  accomplished. 

The  usual  Beckman  cell  compartment  was 
replaced  by  a  water-cooled  box  which  could 
be  flushed  with  an  inert  gas  during  experi- 
ments. The  block  was  machined  to  accom- 
modate two  1  cm  optical  cells  and  was 
equipped  with  a  handle  for  moving  first 
one  cell  and  then  the  other  into  the  light 


•gCKUAM  DU 


FIG.  1.  Beckman  "DU"  spectrophotometer  adapted  for  high-temperature  measurements. 
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path.  Holes  sunk  horizontally  into  the  block 
held  four  "Firerod"  J^  in.  heaters.  The  sides 
were  insulated  with  ^  in.  zirconia  plates. 

Temperature  control  to  ±1°  was  achieved 
with  an  electronic  thermocouple  control  cir- 
cuit and  temperatures  were  measured  with  a 
thermocouple  in  close  proximity  of  the 
sample. 

Absorption  spectra  were  obtained  with 
this  apparatus  in  the  range  300-1200  m/x  and 
from  150  to  850°C,  the  maximum  attain- 
able temperature. 

Preparation  of  Samples.  Much  of  the 
work  thus  far  published  has  been  done  with 
solutions  of  actinide  and  other  metal  ions 
dissolved  in  anhydrous  LiCl-KCl  eutectic 
(59  mole  %  LiCl,  m.p.  352°C).6' 6 

Rectangular  quartz  cells  with  a  10  mm 
light  path  were  used  for  the  optical  work 
by  Gruen  in  typical  experiments.  A  blank 
cell  was  filled  with  eutectic  alone  by  melting 
approximately  8  g  of  eutectic  pellets.  The 
sample  cell  was  filled  in  exactly  the  same 
manner  as  the  blank  cell  except  that  an  ap- 
propriate quantity  (1-100  mg)  of  the  desired 
actinide  or  other  transition  metal  halide  was 
placed  in  the  cell  first. 

After  the  spectra  had  been  obtained,  the 
cell  was  removed  from  the  spectrophotome- 
ter  and  turned  upside  down  to  transfer  the 
solution  to  the  remaining  circular  section  of 
quartz  tubing  which  now  served  as  a  storage 
compartment.  There  the  melt  was  allowed  to 
solidify.  To  carry  out  analyses,  the  storage 
section  was  broken  off  from  the  cell  proper 
and  the  salt  column  which  in  general  was 
free  of  the  surrounding  walls,  extracted  from 
it. 

Analyses  were  made  either  radiometrically 
as  with  Np,  Pu,  and  Am  or  by  more  con- 
ventional methods  as  with  U.  Since  the 
densities  of  the  LiCl-KCl  melts  (density  = 
1.69  g/ml  at  400°C)  had  been  determined 
earlier  as  a  function  of  temperature,  the  re- 
sults of  the  analyses  were  expressed  as  moles 
of  metal  ion/liter  of  solution.  The  spectro- 
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photometric  data  were  converted  to  molar 
extinction  coefficients.  With  the  data  in  this 
form,  a  direct  comparison  with  aqueous  solu- 
tion spectra  can  be  made. 

Spectrophotometric  measurements  also  are 
reported  on  solutions  of  transition  metal 
ions  in  fused  LiNOs-KNOs  eutectic  (43  mole 
%  LiNOs  m.p.  132°C,  density  =  1.94  g/ml 
at  160°C)  and  in  fused  pyridinium  chloride 
(m.p.  144.5°C,  density  =  1.14  g/ml  at 
160°C).  Traces  of  moisture  appeared  not 
to  be  troublesome  with  these  solvents  at  tem- 
peratures of  150-250°C  where  measurements 
were  made.  Consequently,  the  cells  were  left 
open  to  the  atmosphere  during  an  experi- 
ment. Standard  10  mm  "Corex"  absorption 
cells  were  used  in  this  work. 

Oxidation  States  of  Metal  Ions  in  Fused 
Salts 

The  Spectrophotometric  method  for  the 
determination  of  oxidation  states  depends  on 
the  fact  that  in  general  each  oxidation  state 
of  a  metal  ion  is  characterized  by  a  unique 
absorption  spectrum.  Of  all  the  metal  ions, 
the  transition  metal  ions  display  the  greatest 
multiplicity  of  oxidation  states  and  are 
therefore  of  most  interest  from  the  point  of 
view  of  this  study. 

Almost  without  exception  the  transition 
metal  ions,  that  is  the  ions  with  partially 
filled  d  or  f  electron  shells,  possess  absorption 
bands  in  the  region  3000-12,000 1  which  are 
due  to  electronic  transitions. 

These  absorption  bands  have  been  very 
thoroughly  studied  by  a  large  number  of  in- 
vestigators. They  are  by  now  well  known  for 
most  transition  metal  ions  in  a  variety  of 
oxidation  states  and  in  many  different  kinds 
of  aqueous  solutions  and  in  crystals.  The 
existence  of  this  vast  body  of  information 
has  made  possible  the  interpretation  of  the 
results  on  fused  salts.  The  absorption  spectra 
and  oxidation  states  of  a  number  of  transi- 
tion metal  ions  have  been  determined  in  this 
way.2 
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FIG.  2.  Absorption  spectra  of  uranium  in  various  oxidation  states  in  LiCl-KCl  eutectic  at  400°C. 

Curve  A:  U(III) 
Curve  B:  U(IV) 
Curve  C:  U(VI) 


Solutions  in  LiCl-KCl  Eutectic.  Only 
a  few  typical  examples  of  spectropho- 
tometric  measurements  reported  in  pub- 
lished work  will  illustrate  the  scope,  indica- 
tive of  continuing  progress  up  to  the  present 
moment.  Initially,  solutions  of  II  and  Np  in 
the  (IV)  oxidation  state  in  LiCl-KCl  eutectic 
were  prepared  in  the  Gruen  work  by  dis- 
solving UF4 ,  UOU  or  ^NpCU . 

It  was  found  possible  to  reduce  both  the 
U(IV)  and  the  Np(IV)  solutions  chemically 
by  reaction  with  Al  metal.8a  In  the  case  of 
the  U(IV)  solutions,  U  metal  was  also  used 
as  a  reductant.  The  U(IV)  solutions  are  green 
resembling  aqueous  solutions  of  tetravalent 
uranium.  On  reduction  to  the  (III)  state, 
the  color  changes  to  burgundy,  reminiscent 


of  the  color  of  aqueous  solutions  of  trivalent 
uranium.18'  M  Np(IV)  and  Np(III)  solutions 
in  LiCl-KCl  eutectic  are  yellow.  Visually, 
the  color  change  on  reduction  is  difficult  to 
detect.  However,  the  absorption  spectra, 
show  conclusively  that  one  is  dealing  with 
the  (IV)  and  (III)  oxidation  states  of  Np.15 
Oxidation  of  U(IV)  to  U(VI)  and-  of 
Np(IV)  to  Np(V)  was  accomplished  by  re- 
action either  with  KNOg  or  by  bubbling 
HC1  gas  through  the  solutions  while  they 
were  exposed  to  the  atmosphere.  Visually, 
U(VI)  and  Np(V)  solutions  in  LiCl-KCl 
eutectic  are  yellow  and  green  respectively 
and  resemble  in  this  way  the  colors  of 
aqueous  solutions  of  these  oxidation  states. 
In  all  cases  the  absorption  spectra  were 
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similar  to  those  for  known  oxidation  states 
of  these  elements  in  aqueous  solutions.  For 
example,  the  TJ(IV)  spectrum  is  character- 
ized by  a  number  of  rather  broad  bands 
throughout  the  visible  and  near  infrared  re- 
gion of  the  spectrum.  These  bands  although 
much  broader  and  lacking  in  structural  de- 
tail occur  at  approximately  the  same  wave- 
lengths as  do  the  major  bands  in  crystals  of 
the  compounds  Cs2UCl6  and  [(CH8)4N]2UC1]6 
which  were  studied  some  time  ago.7' 8  Spec- 
tra of  solutions  of  TJQU  in  fused  pyridinium 
chloride  taken  at  160°C  show  somewhat 
greater  structural  detail  than  the  LiCl-KCl 
eutectic  spectra  presumably  because  these 
measurements  can  be  made  at  lower  tem- 
peratures.8* 

In  the  compounds  Cs2UCl6 ,  and  [(CHsV 
NtaUCle ,  the  uranium  is  surrounded  by  six 
chloride  ions  in  an  almost  regular  octahedral 
configuration.9-11  The  similarity  of  the  U(IV) 
spectrum  in  chloride  melts  with  the  single 
crystal  spectra  is  evidence  for  the  existence 
of  UCle"  complex  ions  in  the  melts. 

The  extinction  coefficients  of  the  U(IV) 
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FIG.  3.  Absorption  spectra  of  neptunium  in 
various  oxidation  states  in  LiCl-KCl  eutectic. 
Curve  A:  Np(III)  at  600°C 
Curve  B:  Np(IV)  at  600°C 
Curve  C:  Np(V)  at  600°C 
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bands  in  LiCl-KCl  eutectic  are  lower  by  a 
factor  of  about  five  compared  to  U(IV) 
spectra  in  aqueous  solution.12 

Corresponding  results  for  plutonium  and 
americium  in  both  fused  LiCl-KCl  and 
LiNOa-KNOg  eutectics  are  reported  in  a 
recent  paper.16* 

Solutions  in  LiNO3-KNO3  Eutectic. 
From  the  point  of  view  of  oxidation-reduc- 
tion reactions,  the  LiCl-KCl  eutectic  solvent 
served  as  an  inert  matrix  for  solutions  of  the 
actinide  ions.  It  was  to  be  expected  that  ni- 
trate melts  would  exhibit  oxidizing  prop- 
erties, with  nitrate  ions  acting  as  oxide  ion 
donors  in  the  presence  of  strong  oxide  ion 
acceptors  like  TJ(IV),  Np(IV)  and  Pu(III). 
However,  nothing  was  known  about  the  ex- 
tent to  which  reactions  of  this  sort  would 
occur  and  indeed  what  oxidation  state  or 
mixture  of  oxidation  states  would  be  ob- 
tained. The  spectrophotometric  method  can 
shed  considerable  light  on  these  questions 
and  emerges  as  an  excellent  way  of  studying 
oxide  ion  donor-acceptor  relationships  in 
fused  salts. 

Solutions  in  LiNOs-KNOa  eutectic  were 
obtained  by  dissolving  milligram  quantities 
of  UCU,  "NpCU,  ••Pud*  and  «*AmCl|. 
These  solutions  were  examined  spectrophoto- 
metrically. 

Dissolution  of  UC14  in  LiN03-KN03  eutec- 
tic results  in  complete  oxidation  to  U(VI)> 
The  spectrum  of  the  yellow  solution  consists, 
except  for  the  ultraviolet  continuum,  of  a 
single  smooth  band  with  maximum  at  430 
m/t  and  with  molar  extinction  coefficient 
equal  to  31.  This  band  is  similar  with  respect 
to  the  half-width  and  the  position  of  its 
maximum  to  the  UOj"1"  band  in  aqueous 
acidic  solution.16 

Dissolution  of  NpCl4  in  LiNOs-KNOs  eu- 
tectic gives  a  green  solution  the  spectrum  of 
which  is  almost  identical  with  that  of  Np(V) 
aqueous  solution  spectra.15 

When  PuCls  is  placed  in  LJN08-KNOs  eu- 
tectic, a  precipitate  is  formed.  The  nature  of 
the  precipitate  is  not  yet  known.  It  is  prob- 
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ably  an  oxynitrite  or  oxynitrate  of  Pu(IV). 
(In  this  respect,  the  behavior  of  PuCla  is 
similar  to  that  of  ThCl4 .  The  latter  com- 
pound has  also  been  found  to  react  with 
LiNOs-KNOa  eutectic  to  give  an  insoluble 
precipitate  of  unknown  composition.)  Not 
all  of  the  Pu  precipitates  however.  The  spec- 
trum of  the  solution  is  essentially  identical 
with  that  of  Pu(VI)  in  aqueous  media.17 

The  behavior  of  Pu  in  the  nitrate  melt 
may  imply  that  the  first  step  in  the  oxidation 
process  is  to  an  intermediate  Pu(V)  state 
which  then  disproportionates  to  give  Pu(IV) 
and  Pu(VI). 

Dissolution  of  AmCU  in  LiNOs-KNOs  eu- 
tectic gives  a  pink  solution  the  spectrum  of 
which  is  very  similar  to  that  of  Ain(III)  in 
aqueous  solution.18 

General  Remarks  Concerning  the  Oxi- 
dation States  and  Absorption  Spectra  of 
the  Actinides  in  Fused  Salts.  In  inert 
fused  salt  solvents  like  the  alkali  and  alkaline 
earth  halides,  the  actinides  apparently  can 
display  the  full  spectrum  of  oxidation  states 
known  for  aqueous  solutions  of  these  ions. 
In  addition,  because  of  the  great  resistance 
of  these  fused  salt  solvents  to  oxidation 
and  reduction,  unusual  oxidation  states  like 
Th(II)  and  Am(II)  which  are  not  known  in 
aqueous  solutions  may  be  capable  of  exist- 
ence in  these  media. 

It  is  significant  that  the  chemical  guide- 
posts  established  in  aqueous  solutions  at 
room  temperature  hold  true  to  a  good  ap- 
proximation in  fused  salt  solutions  even  in 
the  neighborhood  of  1000°C. 

The  absorption  spectra  of  the  actinides  in 
fused  salts  bear  a  striking  resemblance  to  the 
aqueous  solution  spectra  of  the  same  oxida- 
tion state.  This  fact  establishes  a  kind  of 
correspondence  principle  which  allows  one  to 
carry  over  deductions  about  chemical  be- 
havior based  on  spectral  studies  in  aqueous 
solution  to  fused  salt  systems.  Of  particular 
interest  are  spectral  changes  having  their 
origin  in  the  formation  of  complex  ions  of  one 
sort  or  another. 
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FIG.  4.  Absorption  spectra  of  actinide  ions  in 
fused  nitrates. 
Curve  A:  U(VI)     in    IiNO,-KN08 

eutectic  at  160°C 
Curve  B:  UOS(II)  in  NEUSTOj-LiNOa-NEUCl  at 

163°C 
Curve  C:  Np(V)  in  LiNOs-KNOa 

eutectic  at  160°C 
Curve  D:  Pu(VI)  in  LiN08-KNO» 

eutectic  at  160°C 
Curve  E:  Am(III)  in  LiNOrKNO, 

eutectic  at  170°C 


Complex  Ions  in  Fused  Salts 

Complex  ions  in  fused  salts  have  in  the 
past  been  studied  primarily  by  electrochem- 
ical and  cryoscopic  means.  The  recent  intro- 
duction of  the  spectrophotometric  method 
can  shed  new  light  on  these  phenomena 
which  are  of  vital  importance  to  the  chem- 
istry of  fused  salt  solutions.1' 2 
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FIG.  5.  Absorption  spectra  of  Co  (II)  in  different  fused  salts. 


800 


Complex  Ions  in  Pure  Chloride  Melts. 

Phase  diagrams  of  numerous  binary  salt 
systems  show  that  complex  compounds  fre- 
quently exist  in  the  solid  state  and  crystal- 
lographic  studies  on  a  number  of  these 
compounds  have  given  detailed  information 
on  the  spatial  arrangement  of  the  complex 
molecular  groupings  occurring  within  them. 
Results  have  been  published  on  the  com- 
pounds Cs2MCl4  where  M  «  Zn,  Co,  Ni  or 

54 


Cu  and  Cs2MCle  where  M  =  Th,  U,  Np, 
Pu. 

Crystallographic  studies  on  the  Cs2MCl4 
compounds  have  revealed  that  the  metal 
atom  M  is  surrounded  tetrahedrally  by  four 
chloride  ions.19'21  Crystallographic  studies  on 
the  CsaMCU  compounds  on  the  other  hand 
have  shown  that  the  metal  atom  M  is  sur- 
rounded octahedrally  by  six  chloride  ions.9* I0 

The  existence  of  the  molecular  groupings 


FUSED  SALTS  SPECTROPHOTOMETRY 


MCU"  and  MCle"  respectively  in  these  two 
series  of  solid  compounds  appears  to  be  very 
well  established  indeed.  The  existence  of  such 
molecular  groupings  in  fused  salts  is  how- 
ever much  less  well  established. 

It  has  long  been  known  that  the  absorp- 
tion spectra  of  divalent  Co,  Ni,  and  Cu  ions 
are  different  depending  on  whether  the  ions 
are  octahedrally  or  tetrahedrally  coordi- 
nated. The  most  spectacular  example  of  this 
behavior  is  the  divalent  cobalt  ion  which  is 
red  in  octahedral  and  blue  in  tetrahedral 
coordination. 

By  studying  the  absorption  spectra  of  the 
solid  compounds  CS2MCU  and  comparing 
them  with  the  spectra  of  solutions  of  these 
compounds  in  pure  chloride  melts  it  has  been 
possible  to  identify  the  tetrahedral  complex 
ions  CoClr,  NiCl4"  and  CuClr  in  melts. 

Crystals  of  the  salt  Cs^nCU  were  grown 
from  aqueous  solutions.  Melts  of  this  salt 
were  found  to  be  crystal  clear  and  did  not 
absorb  light  in  the  region  300-1200  m/*. 


Small  amounts  of  the  anhydrous  metal 
chlorides  CoCU ,  NiCl2  and  CuC^  were  dis- 
solved in  the  melts  and  the  absorption  spec- 
tra measured.  At  the  end  of  an  experiment, 
the  melt  was  allowed  to  solidify.  A  portion 
of  the  melt  was  ground  to  a  fine  powder, 
pressed  into  a  transparent  disc  and  the 
spectrum  determined  both  at  room  tem- 
perature and  at  liquid  nitrogen  temperature. 
The  very  close  similarity  that  was  found  in 
the  spectra  of  the  melts  and  the  solids  may 
be  taken  as  strong  evidence  for  the  existence 
in  melts  of  the  tetrahedral  chlorocomplexes 
of  Co(II)22'28,  Ni(II)24'28  and  Cu(II).  Simi- 
larly, evidence  is  found  for  MCI"  complex 
ions  in  fused  salt  solutions. 

Complex  Ions  in  Nitrate  Melts.  The 
spectrophotometric  studies  of  solutions  of 
the  transition  metal  ions  in  chloride  melts 
have  clearly  shown  the  existence  of  the  fully 
complexed  ions  MCU"  and  MClc".  Very  little 
can  be  learned  about  the  stabilities  of  these 
complexes  however  from  studies  carried  on 
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FIG.  6.  Absorption  spectra  of  neptunium. 
Curve  A:  Cs  NpCl«  crystal  at  80°K 
Curve  B:  Np(IV)  in  pyridinehydrochloride  at  160°C 
Curve  C:  Np(IV)  in  LiCl-KCl  eutectic  at  400°C 
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FIG.  7.  Absorption  spectra  of  Co  (II)  in  LiNOs-KNOs  eutectic  with  varying  chloride  concentration 
at  160°C. 


in  pure  chloride  media.  A  solvent  is  required 
in  which  one  can  examine  the  equilibria  in- 
volved in  the  formation  of  these  complex 
ions.  Such  a  solvent  is  the  LiNOg-KNOs 
eutectic. 

The  picture  that  evolves  from  these  studies 
is  that  in  the  nitrate  melt  the  divalent  metal 
ions  are  surrounded  by  four  nitrate  groups 
tetrahedrally  arranged  in  such  a  way  that 
the  twelve  oxygens  belonging  to  the  four 
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nitrate  groups  are  at  positions  equidistant 
from  the  central  metal  ion.  The  nitrate  oxy- 
gens can,  according  to  this  model  give  rise  to 
an  electric  field  of  cubic  symmetry.  In  a 
similar  way,  the  oxygen  atoms  of  the  six 
water  molecules  situated  octahedrally  about 
the  divalent  metal  ions  in  aqueous  solutions 
also  give  rise  to  an  electric  field  of  cubic 
sjnnmetry.  Thus  it  would  appear  that  in 
fused  nitrate  media  the  oxygen  coordination 
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to  the  central  metal  ions  is  in  important 
ways  similar  to  that  found  in  aqueous  solu- 
tions. The  fused  nitrate  solutions  then  pro- 
vide a  medium  in  which  to  study  complexing 
in  much  the  same  way  as  one  studies  com- 
plexing in  aqueous  solution. 

Other  recently  reported  work  on  ultravio- 
let absorption  spectra  includes  the  oxyanions 
nitrate,  chromate  and  nitrite  in  a  variety 
of  fused-salt  mixtures'2*0;  and  Co(II), 
Ni(II),  Cr(III),  infused KSCN,  and  Sc(III), 
Ti(IV),  V(III),  Cr(III),  Mn(II),  Fe(III), 
Co(II),  Ni(II),  Cu(II),  in  LiCl-KCl  eutec- 
tic.28b 

In  developing  a  solution  chemistry  in 
fused  salts,  some  new  approaches  for  the 
separation  of  metal  ions  from  these  media 
have  been  explored  with  some  success.  These 
include: 

Chromatographic  adsorption  on  Merck's 
Y-AUOs  of  transition  metal  cations  dissolved 
in  fused  nitrates;29  solvent  extraction;  forma- 
tion of  graphite  lamellar80'81  compounds; 
precipitations;  volatilization,  etc. 

Metal  Production.  Fused  alkali  and  al- 
kaline earth  halides  are  attractive  media  in 
which  to  carry  out  chemical  reactions  pri- 
marily because  they  span  a  large  range  of 
oxidation-reduction  potentials.  For  example, 
the  region  of  stability  in  LiCl-KCl  eutectic  is 
about  3.5  V  and  in  CsCl-MgCU  eutectic  is 
about  2.6  V  at  TWO.82  By  comparison,  the 
region  of  stability  of  oxidizing  and  reducing 
agents  in  aqueous  solutions  at  room  tempera- 
ture is  approximately  1.2  V  exclusive  of 
overvoltages.88 

Of  particular  interest  is  the  fact  that  many 
metals  which  react  with  water  can  be  de- 
posited successfully  from  fused  salts. 

In  laboratory  experiments,  the  metals  Zr, 
Th,  U  and  Np  have  been  prepared  from 
solutions  in  LiCl-KCl  eutectic  of  ZrCU, 
ThCU,  UC14  and  NpCl4  by  reaction  with 
Mg  metal. 

Uranium  metal  has  also  been  prepared  by 
reaction  of  the  double  salt  CsaUCU  with  Mg 
metal  in  a  50  mole  %  CsCl-50  mole  %  MgCl2 


fused  salt  matrix  (m.p.  550°C).  The  salt 
Cs2UCle  was  chosen  because  it  crystallizes  in 
an  anhydrous  condition  from  aqueous  solu- 
tions of  tetravalent  uranium  and  can  be 
handled  without  special  precautions.26 
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G.  L.  CLARK 

LONG     PATH     ULTRAVIOLET     ABSORPTION 
SPECTROPHOTOMETRY 

The  spectral  region  of  particular  interest 
(22(KMOOOA),  which  is  associated  with 
energy  level  transitions  of  outer  electrons, 
has  been  used  in  chemical  analysis  for  meas- 
uring the  presence  and  concentration  of  gases 
and  vapors  in  trace  amounts  [parts  per 
million  by  vol.  (ppm)]. 

The  essential  components  of  a  spectropho- 
tometer  for  long  path  studies  beyond  those 
necessary  for  conventional  (short  path)  use 
are: 

(1)  A  light  source  of  higji  and  constant 
intensity  over  the  spectral  region  of  interest. 
For  this  component  one  may  choose  from 
the  following: 

(a)  High  pressure  xenon  arc. 

(b)  Mercury  H6  or  H4  arcs. 


MANGANESE  DETERMINATION 


(c)  Carbon  arc. 

(d)  Hydrogen  arc. 

(e)  The  sun. 

(2)  A  dispersing  system  which  minimizes 
attenuation    by    the    dispersing    medium 
(quartz).   Fresnel-type  assembly  of  fused 
quartz  elements  is  recommended  when  ra- 
diation intensities  are  marginal. 

(3)  A  high  sensitivity  detector  cell  such  as 
the  1P28  photomultiplier. 

Astrophysicists  have  used  the  long  path 
technique  to  measure  the  concentration  of 
ozone  in  the  atmosphere  near  the  surface 
over  long  horizontal  paths  (1  to  2  miles)  in 
the  spectral  region  2400  to  3100A  and  ob- 
tained values  from  0  to  0.03  ppm.  Using  the 
sun  as  the  light  source,  ozone  in  the  upper 
atmosphere  has  been  detected  and  its  con- 
centration determined. 

In  extending  the  technique  to  such  gases 
as  sulfur  dioxide,  nitrogen  dioxide,  and 
vapors  of  organic  compounds  one  should 
determine  the  analytical  wavelength  for  the 
particular  material  only  after  one  has  com- 
pared ratios  of  attenuation  at  various  wave- 
lengths. This  is  particularly  true  when 
dealing  with  mixtures  of  gases  and  vapors  in 
air.  The  normal  atmosphere  attenuates  ultra- 
violet radiation  rapidly  in  the  spectral  re- 
gion 2200-2700  due  to  Rayleigh  scattering 
and  to  a  lesser  degree  by  oxygen  molecule 
absorption. 

In  principle,  long  paths  may  be  achieved 
by  folding  of  the  light  beam  through  the  use 
of  plane  or  spherical  mirrors.  Although  this 
has  worked  well  in  the  infrared,  large  reflec- 
tion losses  severely  limit  this  technique  in 
the  ultraviolet. 

N.  A.  RENZETTI 
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Spectrophotometric  methods  for  the  deter- 
mination of  manganese  are  uniquely  charac- 
terized by  the  almost  exclusive  adaptation 
of  the  permanganate  procedure.  This  method 


is  very  sensitive  and  sufficiently  selective 
that  other  procedures  for  determining  man- 
ganese have  not  heretofore  received  serious 
consideration. 

The  formation  of  the  permanganate  ion  by 
the  oxidation  of  manganese(II)  appears  to 
have  been  first  suggested  by  Crum1  in  1845 
while  the  first  analytical  method  was  given 
by  Richard2  in  1872.  In  acid  medium,  man- 
ganese(II)  may  be  oxidized  by  lead  dioxide, 
sodium  bismuthate,  sodium  hypochlorite  or 
sodium  persulfate,  but  the  oxidation  with 
sodium  periodate8  appears  to  be  the  best 
procedure  for  general  applicability.  The 
periodate  oxidation  proceeds  smoothly  and 
rapidly  in  hot  sulf uric  or  nitric  acid  solution, 
and  an  excess  of  reagent  does  not  interfere 
with  the  color  development.  The  concentra- 
tion of  acid  is  not  critical,  but  the  rate  of  the 
reaction  increases  with  increasing  acid  con- 
centration, and  concentrations  greater  than 
3  N  are  recommended  except  for  solutions 
containing  very  small  amounts  of  manganese 
where  a  2  N  acid  solution  provides  the  most 
rapid  oxidation.  Standard  permanganate  so- 
lutions prepared  using  the  periodate  oxida- 
tion are  remarkably  stable  and  have  been 
stored  for  7  months  without  a  measurable 
change  in  the  color  absorption.4 

The  permanganate  ion  strongly  absorbs 
light  between  480  and  580  m/*.  Well-defined 
absorption  maxima  are  observed  at  526  and 
546  m/z  with  shoulders  at  566,  508,  and  490 
m/i.5  The  molar  absorbance  index  of  the  per- 
manganate ion  is  about  2300  near  526  m/*.6 
Beer's  law  is  obeyed  for  solutions  containing 
less  than  150  ppm  manganese.  The  usual 
working  range  of  concentrations  is  approxi- 
mately 0.2  to  20  ppm,  but  the  determination 
of  0.01  ppm  manganese  has  been  reported  in 
sea  water.7 

A  comprehensive  study  of  interferences8 
reveals  that  colored  species  and  all  reducing 
agents  may  interfere  and  must  be  compen- 
sated or  separated  prior  to  the  oxidation. 
Organic  matter  should  be  destroyed  by  fum- 
ing with  nitric  acid  or  a  mixture  of  nitric 
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and  sulfuric  acids.  Colored  ions  such  as 
cerium(IV),  cobalt(II)  and  nickel(II)  must 
be  compensated  or  separated,  although  small 
concentrations  of  copper(II)  and  chro- 
mium(II)  do  not  interfere  seriously.  Chro- 
mium(III)  is  slowly  oxidized  by  periodate, 
and  the  resulting  dichromate  interferes  at 
wavelengths  shorter  than  about  565  m/z. 
Permanganate  may,  however,  be  determined 
at  575  m/i  in  the  presence  of  large  concen- 
trations of  dichromate.  The  ubiquitous 
iron(III)  is  best  removed  by  complexing  with 
0-phosphoric  acid,  which  also  helps  to  pre- 
vent the  precipitation  of  the  slightly  soluble 
iron(III)  and  manganese(III)  periodates.  In 
order  to  compensate  for  many  colored  spe- 
cies, a  bleached  blank  may  be  prepared  by 
adding  one  or  two  drops  of  a  very  dilute 
solution  of  hydrogen  peroxide  to  the  perman- 
ganate solution  after  measurement.6  In  most 
cases,  the  hydrogen  peroxide  will  react  only 
with  the  permanganate,  and  the  small  excess 
of  peroxide  will  not  affect  the  color  of  other 
species.  If  interferences  are  observed,  sodium 
nitrite  solution  or  sodium  azide  may  be  used 
in  place  of  the  hydrogen  peroxide. 

Traces  of  chloride  and  iodide  are  oxidized 
by  periodate,  but  appreciable  quantities  of 
halides  should  be  removed  by  fuming  the 
sample  with  sulfuric  acid  prior  to  the  oxida- 
tion. If  the  concentration  of  chloride  is  ex- 
tremely large,  the  manganese(II)  can  be 
extracted  into  chloroform  with  8-hydroxy- 
quinoline,  the  oxine  destroyed  with  hydrogen 
peroxide  and  perchloric  acid,  and  the  man- 
ganese(II)  then  oxidized  with  periodate. 

The  principal  limitation  of  the  periodate 
procedure  is  the  rate  of  oxidation  which,  for 
very  dilute  manganese  solutions,  may  be  so 
slow  as  to  preclude  quantitative  oxidation 
within  two  to  three  hours,  even  when  using 
silver(I)  as  a  catalyst.9  While  the  persulfate 
oxidation  has  for  years  been  considered  in- 
ferior to  the  periodate  procedure,  a  careful 
re-examination  of  the  persulfate  method  in- 
dicates that  it  probably  is  advantageous  for 
the  very  dilute  manganese  solutions.10  The 
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persulfate  oxidation  of  manganese  is  more 
rapid  than  that  using  periodate.  Further- 
more, organic  matter  is  oxidized  sufficiently 
rapidly  by  the  persulfate  and  permanganate 
that  prior  oxidation  of  small  amounts  of 
organic  matter  is  not  required.  Halide  ions 
need  not  be  separated  but  may  be  complexed 
with  mercury(II)  to  prevent  reduction  of  the 
permanganate.  The  rm-mrmiTn  concentration 
of  silver(I)  required  to  catalyze  the  manga- 
nese oxidation  is  considerably  smaller  than 
that  previously  thought  necessary  and  varies 
from  10~6  to  10"8  M  depending  upon  the 
nature  of  the  acid  solution. 

A  recent  method  for  the  spectrophoto- 
metric  determination  of  manganese  utilizes 
the  green  manganese(III)-triethanolamine 
complex.11  In  alkaline  triethanolamine  solu- 
tions, the  manganese(II)-triethanolamine 
complex  is  air  oxidized  according  to  the 
reaction 


Mn(TEA)P 


Mn(TEA)?»  -f  H02- 


The  manganese(III)  complex  exhibits  a 
broad  absorption  maximum  at  438  m/x,  the 
molar  absorbance  index  of  which  is  200. 
Although  much  less  sensitive  than  the  per- 
manganate procedure,  the  simplicity  and 
selectivity  of  this  method  offer  considerable 
promise,  particularly  to  the  mineral  and 
agricultural  industries.  The  oxidation  reac- 
tion is  complicated  by  the  fact  that  manga- 
nese(III)  may  react  with  hydroperoxide 
produced  by  the  reduction  of  the  oxygen  to 
form  a  red  complex  which  interferes  with  the 
determination.  However,  the  hydroperoxide 
complex  is  easily  decomposed  by  performing 
the  oxidation  in  a  hot  solution  containing 
bromate.  Only  oxygen  and  lead  tetroxide, 
Pbs04,  will  effect  the  oxidation.  For  this 
reason,  a  more  suitable  procedure  for  effect- 
ing the  oxidation  utilizes  the  addition  of  a 
few  milligrams  of  lead  tetroxide.  The  lead 
tetroxide  decomposes  the  hydroperoxide,  and 
the  excess  reagent  dissolves  to  form  the 
lead(II)-triethanolamine  complex  which  does 
not  interfere  with  the  manganese  determina- 
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tion.  Beer's  law  is  obeyed  for  solutions  con- 
taining less  than  about  350  ppm  manganese. 
A  convenient  working  range  is  30  to  250 
ppm,  but  because  of  the  small  absorbance 
index,  the  permanganate  method  is  preferred 
for  solutions  containing  less  than  about  25 
ppm. 

Most  metal  ions  do  not  interfere  with  the 
manganese  determination.  Silver(I)  and  ti- 
tanium(III)  give  precipitates  in  alkaline  so- 
lution which  may  be  removed  by  filtration. 
The  blue  copper(II)-triethanolamine  com- 
plex is  transparent  at  438  m/*,  but  large  con- 
centrations of  cobalt(II)  and  nickel(II) 
are  not  permissible.  Chromium(III)  inter- 
feres more  seriously  and  must  be  compen- 
sated or  separated. 

Other  methods  for  determining  manganese 
have  received  only  scattered  attention.  No 
methods  based  on  the  ultraviolet  absorption 
of  manganese  complexes  have  received  seri- 
ous consideration  although  in  principle  such 
procedures  are  feasible,  particularly  under 
circumstances  where  the  numerous  interfer- 
ing metal  ions  are  not  likely  to  be  present. 
A  number  of  organic  compounds  have  been 
used  to  form  colored  products  with  the 
higher  oxidation  states  (III,  IV,  VII)  of  man- 
ganese. Among  these  may  be  mentioned 
benzidine,4*  12» 18  diethyldithiocarba- 
mate,14' 15  formaldoxime,16-19  o-tolidine,20 
p-dimethylaininoaniline,21  • w  4,4'-  tetra  - 
methyldiaminodiphenylmethane,28-26  4 , 4'- 
tetramethyldiaminotriphenylmethane,27'29 
as  well  as  pyrophosphoric  acid80  and  alkaline 
tellurate.81  In  general,  these  methods  are 
unspecific,  and  many  metal  ions  may  be  ex- 
pected to  interfere  in  each  procedure.  Often 
the  colors  produced  are  very  intense  though 
not  appreciably  stable.  Using  the  benzidine 
procedure,  for  instance,  concentrations  of  the 
order  of  8  parts  per  billion  are  readily  deter- 
mined, but  the  color  fades  rapidly  and  is  not 
stable  for  more  than  a  few  minutes.  Tetra- 
methyldiaminotriphenylainine,  with  a  sensi- 
tivity of  about  1  part  per  billion,  provides  the 
most  sensitive  method  known  for  determin- 


ing manganese.  Recent  investigations  indi- 
cate the  color  formed  by  this  reagent  may 
be  sufficiently  stable  to  provide  a  feasible 
method  for  determining  traces  of  manga- 
nese,28' 29  but  the  color  is  a  function  of  the 
acid  medium,  and  further  study  of  this 
reagent  is  warranted.  It  may  be  noted  that 
most  of  the  above  methods  utilize  the  ability 
of  the  organic  nitrogen  to  coordinate  with 
the  manganese  to  stabilize  a  higher  oxidation 
state. 

Applications  and  detailed  procedures  for 
the  various  methods  may  be  found  in  the 
excellent  treatises  by  Sandell82  and  Snell  and 
Snell.88 
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E.  R.  NIGHTINGALE,  JK. 

MICROSPECTROPHOTOMETER  OF  SIMPLIFIED 
DESIGN 

The  use  of  sensitive  high-speed  spectro- 
photometry  for  the  investigation  of  the  pig- 
ment system  within  living  plant  and  animal 
cells  has  only  begun  to  be  investigated.  Re- 
cent progress  in  this  research  has  been 
summarized  in  several  reviews.1  • 2  The  meth- 
ods of  precision  spectrophotometry  still 
require  fairly  complicated  apparatus,  and  all 
employ  a  photomultiplier  tube  as  the  light- 
sensitive  photocell. 

A  microspectrophotometer  using  solid- 
state  electronic  components  has  been  con- 
structed in  our  laboratory  and  is  being  used 
to  investigate  pigmented  structures  in  living 
cells.  The  light-sensitive  element  is  a  cad- 
mium selenide  photoconductive  cell.  The 
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photocell  output  is  amplified  by  a  transis- 
torized d-c  amplifier  and  displayed  on  an 
oscilloscope  used  as  a  d-c  voltmeter.  For 
some  time,  photoconductive  cells  have  been 
used  for  spectral  measurements  in  the  infra- 
red region.  More  recently  they  have  been 
used  for  x-ray  spectroscopy.8  However,  the 
present  application  of  these  cells  to  visible 
and  ultraviolet  microspectrophotometry  is 
novel. 

In  Fig.  1  are  shown  a  diagram  of  the 
instrumental  setup  and  a  photograph  of  the 
assembled  apparatus  in  use.  Light  from 
source  L  enters  a  grating  monochromator  G, 
as  shown  by  the  dotted  line.  The  exit  slit  of 
the  monochromator  is  focused  by  a  quartz 
lens  on  the  condenser  of  microscope  M. 
After  passing  through  the  specimen,  the 
light  beam  hits  the  photosensitive  cell  C, 
which  is  accurately  positioned  relative  to  the 
image  and  located  25  centimeters  above  the 
eyepiece  of  the  microscope.  The  electrical 
signal  from  the  photocell  is  amplified  by  the 
d-c  amplifier  A  and  displayed  on  a  Dumont 
Model  403  oscilloscope  D.  The  oscilloscope 
is  used  here  because  of  its  high  d-c  amplifica- 
tion capabilities;  a  high-impedance  voltmeter 
would  be  just  as  satisfactory. 

The  microspectrophotometer  uses  either 
a  xenon  arc  or  a  tungsten  ribbon  filament 
light  source,  a  Bausch  &  Lomb  250-mm  grat- 
ing monochromator,  and  reflecting  micro- 
scope optics  (50  X,  with  numerical  aper- 
ture of  0.5)  purchased  from  the  American 
Optical  Co.  With  these  components,  the 
instrument  is  usable  over  the  wavelength 
range  from  200  to  990  m^  (millimicrons)  in 
a  single  sweep  for  specimen  areas  of  16  /A, 
For  specimen  areas  of  the  order  of  2  &*,  the 
useful  range  is  270  to  990  m/*.  With  a  tung- 
sten ribbon  light  source,  the  useful  range  is 
370  to  900  m/t. 

The  actual  construction  of  the  instrument 
was  greatly  facilitated  by  taking  advantage 
of  a  photomicroscopy  setup,  as  shown  in 
Fig.  1.  The  lower  end  of  a  rubber,  light-tight 
bellows  fits  over  the  eyepiece  of  the  micro- 


MICROSPECTROPHOTOMETER  OF  SIMPLIFIED  DESIGN 


D 

4 

c 

M 

1- 

J 

o 

6 

i-HE 

FIG.  1.  Microspectrophotometer  showing  light 
source  (L),  monochromator  (G),  microscope  (M), 
photoconductive  cell  (C),  d-c  amplifier  (A),  and 
oscilloscope  (D).  The  microspectrophotometer  in 
use.  (photograph) 


scope.  The  upper  end  of  the  bellows  fits  into 
a  light-tight  tube.  At  the  other  end  of  the 
tube  may  be  placed  either  the  ground-glass 
viewer  or  the  photocell  holder,  by  operating 
a  sliding  track.  The  entire  upper  assembly 
is  swung  into  place  by  means  of  a  vertical 
bar  arrangement  mounted  on  a  base  plate. 
The  height  of  the  photocell  can  be  adjusted 
by  telescoping  the  tube  supporting  it. 

The  photoconductive  cells  being  used  at 
present  are  general-purpose  cells  made  by 
the  Clairex  Corp.  of  New  York.  Two  sizes 
are  available  with  sensitive  areas  of  0.5  by 
1  and  1.6  by  4.7  millimeters.  For  a  magnifi- 
cation of  500,  these  sizes  represent  specimen 
areas  of  about  2  and  30  /A2,  respectively.  The 


spectral  response  of  the  cadmium  selenide 
cells  extends  all  the  way  from  the  far  ultra- 
violet to  the  near  infrared,  with  a  rather 
sharp  cutoff  at  about  1  /*.  The  peak  response 
is  in  the  visible  region  of  the  spectrum.  At 
high  light  intensity,  the  time  constant  of  the 
cell  is  of  the  order  of  milliseconds.  At  low 
light  levels,  the  time  constant  is  of  the  order 
of  seconds.  The  sensitivity  of  the  photocells 
per  unit  area  is  comparable  to  photomulti- 
plier  tube  performance.  In  common  with 
most  photosensitive  devices,4  these  photo- 
cells show  fatigue.  After  a  period  of  use,  the 
sensitivity  decreases  and  the  photocell  must 
be  replaced. 
In  practice,  the  photocell  acts  as  a  light- 
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sensitive  resistor.  In  the  dark,  its  resistance 
is  greater  than  100  megohms.  In  strong  light 
its  resistance  decreases  to  the  order  of  1 
megohm  or  less.  The  photocell  used  here  is 
connected  in  series  with  a  bias  battery  (70 
to  100  volts)  and  a  load  resistor  of  1  megohm. 
The  load  resistor  serves  as  the  input  to  the 
photocell  amplifier,  which  is  chopper-stabi- 
lized and  battery-powered.  The  circuit  em- 
ploys two  transistors  in  the  common  emitter 
configuration.  Further  d-c  amplification  is 
furnished  by  the  oscilloscope  used  for  output 
readings. 

With  the  exception  of  arrangements  simi- 
lar to  the  one  used  by  Denton,5  microspec- 
trophotometers  are  generally  rather  elabo- 
rate instruments.1' 6-7  They  employ  either 
split-  or  dual-beam  optical  systems  with 
mechanical  beam-chopping  devices,  voltage- 
regulated  photomultiplier  tubes  with  feed- 
back mechanisms,  and  automatic-recording 
outputs.  The  final  result  of  this  type  of  in- 
strumentation is  a  quantitative  measure- 
ment of  the  optical  density  of  a  given 
specimen  with  an  instrumental  error  of  less 
than  5  per  cent.  Measurements  from  the  ul- 
traviolet through  the  visible  range  are  re- 
corded in  a  few  minutes,  and  response  times 
of  the  instruments  are  usually  of  the  order 
of  a  few  milliseconds.  In  order  to  record 
spectra  from  samples  of  very  small  area, 
relatively  high  magnification  is  usually 
necessary.6  At  present,  the  microspectro- 
photometer  described  here  is  not  to  be  com- 
pared with  these.  This  instrument  is  portable 
in  the  sense  that  it  can  be  assembled  and 
used  in  the  field.  The  •mjmmiTm  magnifica- 
tion employed  to  date  is  500.  At  this  magni- 
fication, spectra  from  areas  of  2  fjf  are  easily 
obtained.  Optical  alignment  is  not  critical, 
and  the  effects  of  stray  light  have  been  found 
to  be  negligible.  No  optical  chopping  is 
used,  mainly  because  of  the  relatively  long 
time  constant  of  the  photocell.  Since  the  en- 
tire photosurface  of  the  cell  is  exposed  to  the 
light  beam,  no  effects  due  to  variation  in  the 
sensitivity  of  the  photosurface  are  observed. 
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A  simple  resistance-capacitance  filter  is  em- 
ployed at  the  amplifier  output,  resulting  in 
an  instrumental  time  constant  of  2  seconds. 

The  photocell  output  as  a  function  of  the 
intensity  of  the  incident  light  was  investi- 
gated by  comparison  with  the  output  of  an 
RCA  926  phototube  calibrated  in  our  labo- 
ratory. Linearity  of  photocell  output  within 
2  per  cent  with  incident  light  intensity  was 
observed  except  for  very  low  light  levels, 
which  are  not  normally  encountered  with 
this  instrument. 

Although  the  present  instrument  uses  the 
d-c  output  of  the  photocell  for  signal  voltage, 
this  is  not  meant  to  imply  that  direct  ampli- 
fication is  the  optimum  in  electronic  design 
for  this  instrument.  Experiments  with  the 
Clairex  photocells  used  here  indicate  that 
chopping  the  incoming  light  beam  at  about 
40  cycles  per  second,  with  subsequent  a-c 
amplification  and  rectification  will  also  pro- 
duce a  usable  signal  level. 

At  present,  the  instrumental  noise  level  is 
determined  by  the  light  source  and  the 
amplifier  fluctuations  rather  than  by  the 
noise  in  the  photocell.  For  the  Soret  band 
peak  of  a  single  human  blood  cell,  the  oscil- 
loscope noise  level  was  2.5  X  10~*  optical 
density  units  at  a  wavelength  setting  of  420 
m/i  and  an  entering  band-width  of  2  mju.  Al- 
though the  useful  optical  density  range  of 
the  instrument  depends  upon  the  wavelength 
setting  and  the  intensity  of  the  incident 
light,  data  taken  to  date  indicate  an  upper 
limit  of  1.5  optical  density  units  before  se- 
rious inaccuracies  occur. 

The  procedure  for  obtaining  an  absorption 
spectrum  with  the  apparatus  in  its  present 
form  is  relatively  simple.  The  area  of  interest 
in  the  specimen  is  located  on  a  marked 
ground-glass  screen  at  the  top  of  the  appa- 
ratus. The  photocell  is  then  put  in  position, 
and  the  dark  current  is  balanced  out  with 
bias  voltage.  At  each  desired  wavelength 
setting,  one  reading  is  taken  over  the  speci- 
men and  another  over  a  reference  area  by 
moving  the  cell  assembly  from  one  area  to 
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the  other.  Before  another  reading  is  taken, 
the  dark  current  level  is  checked  and  set  to 
zero.  The  time  required  to  determine  a  spec- 
tral curve  depends  upon  the  number  of 
wavelength  settings  desired  and  the  time 
constant  of  the  photocell.  For  a  10  m/i  in- 
terval over  the  range  from  400  to  700  m/i, 
the  time  required  is  about  20  minutes. 

Because  of  the  simplicity  of  the  micro- 
spectrophotometer  design,  the  demands 
made  upon  the  operator  are  greater  than 
those  made  by  an  automatically  controlled 
instrument.  For  each  specimen  under  in- 
vestigation one  must  choose  optimum  values 
for  the  monochromator  slit  widths,  which 
govern  both  the  purity  and  the  intensity  of 
the  light  entering  the  system.  In  addition, 
one  has  a  choice  between  critical  or  Kohler 
(even)  illumination  of  the  specimen.  For 
critical  illumination  the  image  of  the  exit 
slit  of  the  monochromator  appears  in  the  ob- 


ject plane,  and  the  light  intensity  is  greater 
than  it  is  when  the  specimen  is  evenly  il- 
luminated. Both  of  the  foregoing  factors  de- 
pend upon  the  choice  of  magnifying  power. 

Applications.  This  instrument  was  de- 
signed primarily  to  make  relatively  short  in 
situ  spectral  analyses  on  pigment  granules 
and  photoreceptor  structures — that  is,  chlo- 
roplasts,  chromatophores,  and  the  retinal 
rods  and  cones  of  the  eye.  Use  of  these  struc- 
tures, which  in  general  contain  pigments  in 
relatively  high  concentration,  reduces  the 
sensitivity  requirements  of  the  instrument. 
In  addition  to  determining  spectral  absorp- 
tion, the  instrument  is  ideally  suited  for 
scanning  single  cells7  or  small  organisms 
at  fixed  wavelengths  in  order  to  geometri- 
cally locate  cell  constituents  which  have 
characteristic  absorption  peaks. 

The  complete  spectral  range  of  the  in- 
strument is  illustrated  graphically  in  Fig.  2, 
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FIG.  2.  Microspectrophotometer  response  a£ 
function  of  the  wavelength  of  the  incident  lig 
(a)  from  200  to  320  nv*  and  (b)  from  320  to  1000  n 
with  reduced  intensity  of  incident  light. 
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which  shows  the  recorded  output  of  the 
photocell  over  the  range  200  to  1000  m/*. 
The  recordings  were  obtained  with  a  Varian 
G-10  recorder  connected  to  the  amplified 
photocell  output,  set  for  50  millivolts  full 
scale.  The  wavelength  drum  of  the  mono- 
chromator  was  turned  by  hand  throughout 
the  spectral  ranges  indicated.  In  Fig.  2a,  the 
entrance  half-bandwidth  was  2.6  m/*  and  the 
incident  light  was  used  at  full  intensity.  In 
Fig.  2b,  the  half-bandwidth  was  2  m/*,  and 
the  intensity  of  the  incident  light  was  greatly 
reduced  to  keep  the  recorder  pen  on  scale  at 
the  peaks.  For  wavelengths  greater  than  600 
no/*,  the  second-order  grating  spectrum  was 
filtered  out.  The  series  of  response  peaks 
around  460  m/i  and  in  the  region  800  to  1000 
mp,  is  due  to  line  spectra  of  the  xenon  arc 
light  source.  For  both  of  the  response  curves 
the  microscope  was  focused  on  a  blank  quartz 
slide  at  a  magnification  of  175,  representing 
a  specimen  area  of  16  ju2. 

The  performance  of  the  microspectro- 
photometer  has  been  checked  with  bandpass 
filters,  line  spectra,  and  materials  with 
known  absorption  peaks.  In  Fig.  3  are 


plotted  response  curves  for  Bausch  &  Lomb 
interference  filters  Nos.  33-78-36  and  33- 
78-43  and  fora  Baird Associates  interference 
filter  No.  7-3470-3;  the  major  peaks  of 
these  filters  are  at  368,  436,  and  560  m/t,  re- 
spectively. These  absorption  curves  are  in 
excellent  agreement  with  those  obtained 
with  a  Beckman  model  DK  recording  spec- 
trophotometer  for  the  same  filters. 

Absorption  spectra  (not  shown)  have  been 
obtained  from  single  human  blood  cells. 
These  showed  characteristic  absorption 
peaks  at  418,  538,  and  578  m/*.  In  Fig.  4  are 
illustrated  two  transverse  scans  across  a 
single  human  blood  cell  with  wavelength 
settings  of  417  and  500  mju,  respectively.  The 
difference  between  the  two  curves  is  a  rough 
indication  of  the  hemoglobin  distribution 
within  the  blood  cell  as  a  function  of  cell 
diameter.  The  specimen  area  under  investi- 
gation was  slightly  less  than  2  /*2,  and  the 
results  are  in  good  agreement  with  published 
data.8' 9 

Figure  5  shows  the  absorption  spectrum 
in  the  visible  region  of  a  single  chloroplast 
within  the  algal  flagellate  Euglena  gracilis 
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FIG.  3.  Spectral  response  curves  for  three  different  interference  filters  with  maxima  at  368,  436,  and 
560  m/t,  respectively.  Filter  A  is  Bausoh  &  Lomb  No.  33-78-36;  B  is  Bausch  &  Lomb  No.  33-78-43;  C  is 
Baird  Associates  No.  7-3470-3.  Incident  half -bandwidth,  2  m/*. 
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(open  circles)  compared  with  the  spectrum 
of  a  chloroplast  from  Chlorella  (solid  circles) 
taken  from  the  data  of  Swift  and  Rasch.1 
The  average  size  of  Euglena  gradlis  is  50  by 
15  M,  and  the  green  chloroplasts  are  on  the 
order  of  1  by  6  /i.10  The  magnification  was 
250,  representing  a  specimen  area  of  8  ju2. 
The  reference  area  was  the  clear  region  in 
the  cytoplasm  adjacent  to  the  chloroplast. 
The  major  absorption  peaks  at  415  to  430 
m/*  and  at  680  m/x  are  in  agreement  with  the 
data  for  chlorophyll  A  in  living  algae,11  and 
the  secondary  peak  at  480  mju  is  due  to  the 
presence  of  carotenoids,  which  are  known  to 
be  present  in  the  chloroplasts.11  The  absorp- 
tion spectrum  shown  in  Fig.  5  is  also  in  good 
agreement  with  the  spectrum  for  cell  sus- 
pensions of  Euglena  obtained  in  our  labora- 
tory.12 

The  microspectrophotometer  has  also 
been  used18  to  investigate  the  brightly  col- 
ored oil  globules  found  in  the  retina  of  birds, 
occurring  mainly  between  the  inner  and 
outer  segments  of  the  cones.14  These  colored 
globules  are  red,  green,  yellow,  orange,  and 
other,  mixed,  colors;  they  range  from  3  to  5 
fjL  in  diameter,  and  their  exact  physiological 
role  is  not  known.6' 18  Figure  6  shows  ab- 
sorption spectra  for  red,  yellow,  and  green 
globules  measured  in  situ.  The  vertical  lines 
indicate  the  observed  variability  for  each 
colored  globule.  These  spectra  were  meas- 
ured at  a  magnification  of  500  through  a 
specimen  area  of  2  ju2.  The  reference  area  was 
immediately  adjacent  to  the  globules  and 
contained  a  slight  amount  of  retinal  material. 
Spectra  taken  of  globules  completely  iso- 
lated from  retinal  material  indicated  no  sig- 
nificant error  resulting  from  this  procedure 
over  the  wavelength  range  under  investiga- 
tion. These  results  indicate  that  the  different 
colored  globules  within  the  retina  can  act  as 
band  pass  color  filters  if  they  are  suitably 
located  in  relation  to  a  photosensitive  pig- 
ment.6' 15  The  spectral  curves  shown  in  Fig. 
6  indicate  the  presence  of  carotenoids,  a  find- 
ing in  agreement  with  the  biochemical 
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FIG.  4.  Spectral  absorption  at  fixed  wave- 
lengths of  417  and  600  m/*  as  a  function  of  the  dis- 
tance across  a  single  human  blood  cell. 
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FIG.  5.  Absorption  spectrum  of  a  single  chloro- 
plast of  Euglena  gracilis  (open  circles)  compared 
with  the  spectrum  of  a  single  chloroplast  of  Cftfo- 
rella  (solid  circles),  taken  from  the  data  of  Swift 
and  Rasch.1 

investigation  of  Wald  and  Zussman15  on 
retinal  extracts  of  chicken. 

The  illustrated  spectra  described  are  only 
an  indication  of  the  possible  usefulness  of 
the  instrument.  The  microspectrophotome- 
ter is  well  suited  for  study  of  the  effects  of 
chemical  and  physical  environment  on  the 
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FIG.  6.  Absorption  spectra,  measured  in  situ 
for  red,  yellow,  and  green  globules  within  the 
chicken  retina. 

synthesis  and  concentration  of  pigments 
within  a  single  cell  or  of  organelles  within  a 
cell.17 
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G.  K  STROTHBR  AND  J.  J.  WOLKBN 

NICOTINE  ANALYSIS 

Nicotine  is  widely  distributed  in  nature, 
occurring  in  vegetables,  fruits,  berries  and 
many  leafy  plants.  One  of  the  richest  natural 
sources  of  nicotine  is  the  tobacco  plant,  of 
.which  the  burley  variety  usually  exhibits  the 
highest  concentration  of  this  alkaloid.  Nico- 
tine may  also  be  found  in  the  blood  or  tissue 
of  animals  after  the  ingestion  of  materials 
containing  nicotine,  or  after  the  inhalation 
of  smoke  from  these  materials. 

The  analysis  of  nicotine  in  tobacco  is  im- 
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portant  in  the  control  of  quality  in  cigarette 
manufacture.  The  AOAC  modification1  of 
Jensen  and  Haley's9  gravimetric  silicotung- 
state  method  had  been  used  for  this  analysis 
for  many  years.  Because  this  method  is 
tedious  and  time-consuming,  other  more  con- 
venient and  rapid  means  have  been  sought 
for  the  routine  determination  of  nicotine.  In 
1950,  Willets  et  oZ.17  published  a  method  for 
the  determination  of  nicotine  based  on  the 
ultraviolet  absorption  of  nicotine  hydro- 
chloride  at  259  m/j.  The  alkaloid  can  be  ex- 
tracted or  steam-distilled7  from  an  alkaline 
slurry  of  the  tobacco.  Chloroform  appears  to 
be  the  most  popular  solvent  to  be  used  for 
this  extraction  although  many  other  water- 
immiscible  liquids  serve  as  well.  The  nicotine 
must  be  recovered  from  the  solvent  by  ex- 
traction into  dilute  hydrochloric  acid.  If  the 
alkaloid  is  steam-distilled,  the  distillate  is 
passed  directly  into  the  dilute  acid.  Absorp- 
tion measurements  are  made  on  this  acid 
solution  after  it  has  been  diluted  to  a  suitable 
volume.  Headings  are  taken  at  259  m/t  and 
on  each  side  of  this  peak  nmyiTTmTn,  the  lat- 
ter readings  being  used  to  correct  for  back- 
ground absorption.17  The  concentration  of 
nicotine  in  the  sample  is  obtained  from  a 
standard  curve  prepared  previously  from 
known  nicotine  samples. 

With  proper  modifications,  the  method  of 
Willets  et  al.  has  been  applied  to  the  de- 
termination of  nicotine  in  plant  materials,4 
fruits,  vegetables,  berries,18*14  and  tobacco 
smoke.5'  «.«.io,ii,ii.ie 

Early  attempts6' 8  to  apply  the  method  of 
Willets  to  the  determination  of  nicotine  in 
tobacco  smoke  were  not  entirely  successful 
because  serious  spectrophotometric  back- 
ground interferences  were  encountered. 
However,  Laurene  and  Harrell11  found  that 
these  interferences  could  be  removed  by  a 
short  steam-distillation  of  the  acidic  medium 
in  which  the  smoke  had  been  collected  prior 
to  the  addition  of  alkali  in  the  steam-distilla- 
tion of  nicotine.  These  workers  succeeded  in 
developing  a  rapid  and  accurate  analysis  of 


nicotine  in  smoke.  Wartman,  Cogbill  and 
Harlow16  improved  the  means  of  collecting 
the  nicotine  in  cigarette  smoke  thus  effecting 
an  even  greater  saving  in  time  for  the 
analysis.  The  ultraviolet  spectra  of  other 
alkaloids  have  been  studied  by  Berman  and 
Wright.2 

A  very  sensitive  spectrophotometric 
method  for  the  determination  of  nicotine  in 
blood  has  been  devised  utilizing  the  absorp- 
tion of  the  cyanogen  bromide-j8-naphthyl- 
amine-nicotine  complex  at  420-540  m/*.18 

Because  nornicotine  accompanies  and  is 
measured  as  nicotine  in  all  the  accepted 
analytical  methods,  the  specific  determina- 
tion of  nornicotine  may  sometimes  be  neces- 
sary. Two  spectrophotometric  methods  for 
the  analysis  of  nornicotine  are  available.8' 15 
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ANDERS  H.  LAXJBENE 

SULFATE,  CHLORIDE,  AND   FLUORIDE  DETER- 
MINATIONS  WITH  CHLORANILIC  ACID 

Introduction.  The  Spectrophotometric 
determination  of  sulfate,  chloride,  and 
fluoride  ions  can  be  carried  out  with  metal 
salts  of  chloranilic  acid.  The  metal  chlorani- 
late, itself  only  slightly  soluble,  reacts  with 
the  desired  ion  to  form  an  insoluble  or 
slightly  dissociated  salt,  and  liberates  the 
highly  colored  acid  chloranilate  ion.  The 
color  is  proportional  to  the  concentration  of 
the  desired  ion.  The  solutions  must  be  care- 
fully buffered  since  the  absorption  of  chlor- 
anilic acid  solutions  is  dependent  upon  pH. 
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Interfering  cations  are  removed  with  ion  ex- 
change resins.  Sensitivity  and  selectivity  are 
enhanced  by  proper  selection  of  metal 
chloranilate,  solvent,  and  pH. 

Discussion.  An  interesting  reaction  dis- 
covered by  Coufcinko  and  Almeida*  suggested 
a  new  colorimetric  method  for  determining 
chloride.  It  was  found  that  the  silver  salt  of 
chloranilic  acid,  added  to  a  solution  contain- 
ing chloride  ions,  forms  AgCl  and  releases 
the  reddish  purple  acid-chloranilate  ion,  the 
spectrum  of  which  may  be  measured  colori- 
metrically.  However,  silver  chloranilate  is  in- 
convenient for  quantitative  determinations 
because  colloidal  AgCl  is  produced.  Methods 
based  on  the  formation  of  HgCl2  gave  better 
results.8'7  Barney  and  Bertolacini1  used  a 
method  based  on  the  reaction 
HgC6Cli04  +  2C1-  +  H+  -* 

HgCl2  +  HCeChOr 

where  the  mercuric  chloride  formed  is  solu- 
ble, although  only  very  slightly  dissociated. 
Methyl  "Cellosolve"  is  added  to  lower  the 
solubility  of  mercuric  chloranilate  and  to 
suppress  the  dissociation  of  mercuric  chlo- 
ride, and  nitric  acid  is  added  to  give  max- 
imum absorbance.  Al,  Fe,  Ba,  Ca,  Cd,  Sr, 
Cu,  K,  Mg,  Mn,  Pb,  and  Zn  cations  interfere 
by  forming  soluble  complexes  or  precipitates 
with  chloranilic  acid.8' 9  However,  they  are 
easily  removed  with  the  ion  exchange  resin.6 
Bromide,  iodide,  iodate,  thiocyanate,  fluo- 
ride, and  phosphate  produce  serious  inter- 
ferences. 

Direct  applications  of  the  method  include 
the  determination  of  chloride  in  blood  serum, 
wine,  and  waste  waters.  It  should  be  adapt- 
able to  the  determination  of  bromide,  iodide, 
and  thiocyanate  because  these  ions  form 
slightly  ionized  mercuric  compounds. 

The  determination  of  sulfate  is  based  on 
the  reaction  of  solid  barium  chloranilate  with 
sulfate.2  A  50%  ethyl  alcohol  solution  is 
used  to  decrease  the  solubility  of  barium 
sulfate  and  barium  chloranilate.  Interfering 
cations  are  removed  by  ion  exchange.  Chlo- 
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ride,  nitrate,  bicarbonate,  phosphate,  and 
oxalate  do  not  interfere  at  the  100  ppm  level. 
The  method  has  been  applied  to  the  deter- 
mination of  sulf ate  in  water  and  of  sulfur  in 
petroleum  products. 

Fluoride  is  determined  by  reaction  with 
strontium  chloranilate  in  50%  isopropyl  al- 
cohol.4 Chloride,  bromide,  iodide,  carbo- 
nate, oxalate,  sulfate,  and  phosphate  ions 
interfere. 

When  the  absorption  of  chloranilic  acid  is 
measured  in  the  ultraviolet  region,  the  limit 
of  detection  is  0.06  ppm  for  sulfate,  0.05 
ppm  for  chloride,  and  5  ppm  for  fluoride.  The 
detection  limit  for  fluoride  might  be  im- 
proved by  the  use  of  other  metal  chlorani- 
lates  and  other  solvents. 

Thorium  chloranilate  has  been  suggested 
lately10  as  the  basis  of  a  sensitive  spectropho- 
tometric  method  for  determining  fluoride. 
In  this  method,  fluoride  reacts  with  thorium 
fluorochloranilate  in  buffered  aqueous  methyl 
"Cellosolve"  probably  to  form  both  tho- 
rium fluorochloranilate  and  acid  chloranilate 
ion.  Most  interfering  cations  can  be  re- 
moved with  ion  exchange  resins.  Sensitivity 
is  controlled  by  proper  combination  of  wave 
length  and  methyl  "Cellosolve"  concentra- 
tion. The  limit  of  detection  is  0.01  ppm  of 
fluoride  in  the  original  sample.  The  method 
has  been  tested  by  analyzing  waters  and 
catalysts. 
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T.  HADJIIOANNOTJ 

TITRATION,  SPECTROPHOTOMETRIC 

The  titration  procedure,  whereby  an  un- 
known quantity  of  a  specific  substance  is  de- 
termined by  adding  to  it  a  standard  reagent 
(the  titrant)  which  reacts  with  it  in  a  def- 
inite and  known  proportion,  is  well  estab- 
lished as  one  of  the  most  precise,  accurate, 
rapid,  and  simple  methods  of  quantitative 
analysis.  Many  stable  titrants  have  been 
found  which  react  rapidly  and  quantita- 
tively either  directly  with  a  large  number  of 
sought-for  constituents  or  with  their  prod- 
ucts from  prior  quantitative  reactions, 
thereby  providing  wide  applicability.  Of 
course,  even  with  a  good  available  reaction, 
whether  it  be  acid-base,  precipitation,  redox 
or  complexation,  a  reliable  method  of  de- 
termining the  end  point  is  required;  i.e.  an 
experimental  method  which  indicates  to  the 
chemist  the  quantity  of  titrant  just  suffi- 
cient to  be  chemically  equivalent  to  the  un- 
known quantity  of  sought-for  constituent. 
The  end  point  Should  be  coincident  with  the 
equivalence  point,  although  good  accuracy 
can  be  obtained  if  there  is  a  small  repro- 
ducible difference  (titration  blank)  between 
equivalence  and  end  points. 

At  present  there  is  not  any  one  end-point 
system  universally  applicable  for  all  the  use- 
ful titrations.  Consequently  many  different 
end-point  systems  have  been  developed  and 
applied  to  provide  good  precision  and  ac- 
curacy for  specific  titration  problems.  In 
fact,  one  of  the  common  classifications  of 
titrations  is  according  to  the  method  of  end- 
point  detection.  Hence,  a  specfrophotometric 
titration  is  one  in  which  the  end  point  is  de- 
termined by  measuring  changes  during  the 
titration  of  absorbed  radiation  in  a  pre-se- 
lected  wave  length  region.  This  is  analogous 
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FIG.  1.  Block  diagram  illustrating  general  experimental  requirements  for  a  spectrophotometric  titra- 
tion. 


to  potentiometric,  conductometric,  ampero- 
metric,  turbidimetric,  and  thennometric  ti- 
trations  which  are  so  designated  because  the 
end  points  are  determined  by  measuring 
changes  of  potential,  conductance,  current, 
turbidity,  and  temperature,  respectively. 
The  characteristics  of  the  spectrophotomet- 
ric titration  system  make  it  one  of  the  most 
versatile,  sensitive  and  accurate  methods  for 
end-point  detection. 

Experimental  Requirements  for  Spec- 
trophotometric Titrations.  The  general 
experimental  requirements  for  performing  a 
spectrophotometric  titration  are  illustrated 
by  the  block  diagram,  Figure  1.  Assuming 
that  a  rapid  and  quantitative  reaction  is 
available  between  a  titrant  and  the  sought- 
for  constituent,  it  is  necessary  to  have  a 
readily  accessible  band  of  radiation  (in  the 
visible,  near  UV  of  near  IR)  which  is  ab- 
sorbed by  either  the  titrant,  sought-for  con- 
stituent, reaction  product  or  added  indicator 
substance.  Also,  the  selected  radiation  must 
not  be  completely  blocked  (absorbed  or 
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scattered)  by  nonreacting  constituents,  par- 
ticles in  the  sample  or  the  titration  cell,  al- 
though it  can  be  partially  blocked.  The  se- 
lected band  of  radiation  is  focused  through 
the  sample  in  the  titration  cell  and  into  a 
transducer  which  produces  an  electrical  sig- 
nal (voltage  or  current)  related  to  the 
amount  of  radiation  absorbed  by  the  titra- 
tion mixture.  The  electrical  signal  is  moni- 
tored by  the  control  system  and  the  informa- 
tion used  to  terminate  the  titration  at  a 
suitable  point.  The  titrant  delivery  system 
is  constructed  to  be  easily  controlled  and  to 
present  an  accurate  measure  of  the  titrant 
delivered  at  any  point.  The  cell  compart- 
ment eliminates  interference  from  room  light 
and  provides  rigid  support  for  the  titration 
cells. 

For  a  manual  spectrophotometric  titra- 
tion a  technician  is  part  of  the  control  system 
and  operates  the  stirring  and  titrant  delivery 
devices.  Increments  of  titrant  are  added, 
mixed  with  the  sought-for  constituent,  and 
a  meter  or  dial  observed  which  indicates  the 
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magnitude  of  the  signal  from  the  radiation 
transducer.  For  some  titrations  the  change 
of  absorbed  radiation  is  gradual.  Therefore, 
readings  (absorbance  values)  are  obtained 
after  addition  of  each  increment  of  titrant 
and  are  plotted  versus  volume  of  titrant,  and 
the  end  point  determined  from  the  titration 
curve.  In  other  cases,  the  absorbing  species 
undergoes  a  relatively  large  concentration 
change  at  the  equivalence  point.  This  pro- 
duces a  large  change  in  meter  reading  which 
sharply  delineates  the  end  point,  and  the  ti- 
trant delivery  may  be  terminated  exactly  at 
the  end  point  rather  than  plotting  a  titration 
curve. 

The  manual  titrations  require  continuous 
technician  time  and  for  routine  determina- 
tions become  tedious,  time  consuming,  and 
subject  to  personal  bias.  Consequently  there 
have  been  many  efforts  in  recent  years  to 
remove  some  or  all  of  the  titration  manipula- 
tions from  the  hands  of  the  technician.  Par- 
tial or  complete  automation  can  now  be 
accomplished  by  various  electronic  and 
mechanical  components  in  the  control  sys- 
tem. 

Spectrophotometric  Titration  Curves. 
As  previously  noted  a  titration  curve  can  be 
manually  obtained  by  adding  increments  of 
titrant,  taking  meter  readings  at  several  vol- 
umes of  titrant,  and  plotting  absorbance 
versus  volume.  Also,  the  curve  can  be  au- 
tomatically recorded  by  synchronizing  a 
motor-driven  buret  with  the  chart  drive  to 
provide  a  volume  axis,  and  driving  the  re- 
corder pen  with  an  amplified  and  modified 
signal  from  the  radiation  transducer  to  pro- 
vide an  absorbance  scale  for  the  chart  width. 

Regardless  of  the  method  for  obtaining 
the  Spectrophotometric  titration  curves  their 
general  shapes  depend  on  the  combination  of 
titrant  (T),  sought-for  constituent  OS),  reac- 
tion product  (TS)  and/or  added  indicator 
(F)  which  undergoes  changes  of  absorbance 
at  the  preset  wave  length  during  the  titra- 
tion. For  any  specific  chemical  reaction  the 
general  shape  of  the  titration  curve  can  be 
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FIG.  2.  General  types  of  Spectrophotometric 
titration  curves. 

altered  by  changing  to  a  wave  length  where 
a  different  combination  absorbs. 

The  various  types  of  titration  curves  are 
given  in  Figure  2,  Types  1-10.  Types  1 
through  7  are  without  and  types  8  through 
10  with  added  indicators.  In  all  examples  the 
given  conditions  are  assumed  to  be  true  for 
a  specific  band  of  radiation,  and  dilution  of 
the  sample  by  the  titrant  assumed  negligible. 

The  curve  given  for  Type  1  is  for  the  case 
where  T  absorbs,  but  S  and  T8  do  not  ab- 
sorb. An  example  of  this  is  the  titration  of 
ferrous  iron  with  permanganate  titrant  at  a 
preset  wave  length  in  the  region  of  550  mil- 
limicrons. The  ferrous  iron  and  the  reaction 
products  when  reacted  with  permangante  do 
not  absorb  significantly  at  this  wave  length 
but  the  titrant  absorbs  strongly. 

If  a  solution  containing  a  small  amount  of 
GU++  ions  is  buffered  and  titrated  with  a 
standard  EDTA  titrant  a  curve  similar  to 
Type  2  can  be  obtained  at  a  wave  length  of 
260  millimicrons.  In  this  case  T  and  S  do  not 
absorb  significantly  at  the  preset  wave 
length,  but  the  reaction  product  (75),  the 
copper-EDTA  complex,  has  a  large  absorp- 
tivity. 
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In  Type  3,  T  and  TS  absorb  and  8  does 
not  absorb,  but  in  3A  the  absorptivity  of 
the  titrant  is  greater  than  that  of  the  reaction 
product,  and  the  reverse  is  true  for  Type  3B. 
The  curve  in  Type  4  is  quite  common  and 
results  from  absorption  by  8  and  essentially 
no  absorption  by  T  and  TS.  A  V-shaped 
curve  is  a  result  of  S  and  T  absorbing  and 
TS  not  absorbing  as  illustrated  in  Type  5. 
Several  shapes  of  curves  are  obtained  when 
T,  8  and  TS  all  absorb,  and  these  are  illus- 
trated in  Types  6A,  B  and  C.  In  6A  the 
absorptivity  of  TS  is  equal,  in  6B  less  than, 
and  in  6C  greater  than  the  absorptivity  of 
S.  Both  S  and  TS  absorb  in  Type  7,  and  T 
does  not  absorb,  but  the  absorptivity  of  re- 
action product  is  greater  than  that  of  the 
sought-for  constituent  in  7A  and  less  in  7B. 

If  neither  T,  S,  or  TS  absorbs  in  an  easily 
accessible  wave  length  range,  an  indicator 
substance  (T)  might  be  added  to  provide  a 
spectrophotometric  end  point.  One  type  of 
indicator  substance  does  not  absorb  itself 
but  combines  with  either  the  titrant,  sought- 
for  constituent  or  reaction  product  to  form 
an  absorbing  species  TF,  SY  or  TSY,  the 
concentration  of  which  changes  during  the 
titration  so  as  to  give  an  end  point.  An  in- 
teresting example  of  this  type  is  the  titration 
of  a  small  quantity  of  Th*4  with  EDTA  us- 
ing Cu"*"1"  as  an  added  indicator.  At  easily 
accessible  wave  lengths  none  of  these  con- 
stituents absorbs,  but  the  Cu-EDTA  com- 
plex absorbs  strongly  at  260  millimicrons. 
The  stabilities  of  the  complexes  are  greatly 
different  and  the  thorium  is  quantitatively 
complexed  with  EDTA  before  the  copper  is 
significantly  complexed.  Therefore,  the  ab- 
sorbance  remains  constant  until  essentially 
all  the  thorium  is  complexed;  then  the  titrant 
combines  with  copper  to  form  the  Cu-EDTA 
complex  and  the  absorbance  increases  con- 
tinuously as  its  concentration  increases  by 
adding  more  and  more  excess  titrant.  This 
example  is  illustrated  as  Type  8  in  Figure  2, 
but  curves  somewhat  similar  to  Types  4  and 
2  might  result  if  SY  or  TSY  were  the  only 
absorbing  species. 
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In  all  the  above  titration  curves  the  end 
points  are  found  by  the  intersection  of  two 
straight  lines  and  are  similar  in  this  respect 
to  conductometric  and  amperometric  titra- 
tion curves.  In  contrast,  Types  9  and  10  are 
quite  similar  in  shape  to  potentiometric  ti- 
tration curves  and  are  typical  for  added  in- 
dicators which  exist  in  one  structural  form 
before  and  another  form  after  the  equival- 
ence point,  and  where  one  form  absorbs  most 
strongly  at  the  preset  wave  length.  Nearly  all 
classical  visual  color  indicators  for  aqueous 
and  non-aqueous  acid-base,  redox,  and  com- 
plexation  titrations  give  curves  of  these  two 
types.  At  the  equivalence  point  a  small  in- 
crement of  titrant  produces  a  large  change  of 
either  pH,  redox  potential,  or  pM  which 
causes  a  large  concentration  change  for  one 
form  of  the  indicator.  In  Type  9  the  form  of 
the  indicator  with  the  highest  absorptivity 
at  the  preset  wave  length  suddenly  increases 
in  concentration  at  the  equivalence  point, 
giving  a  large  increase  of  absorbance.  In 
Type  10  the  concentration  of  the  absorbing 
form  suddenly  decreases  and  the  absorbance 
decreases.  These  large  changes  of  absorbance 
can  be  readily  detected  by  the  eye  if  the  ab- 
sorption bands  are  in  the  visible,  as  with  the 
classical  visual  indicators.  However,  selected 
wave  lengths  of  radiation  and  photocell  de- 
tectors provide  a  combination  which  is  more 
sensitive  and  selective  and  also  suitable  at 
wave  lengths  outside  the  sensitivity  range  of 
the  eye.  The  number  of  indicator  materials 
that  can  be  applied  is  greatly  increased  and 
only  a  narrow  transmission  band  is  neces- 
sary when  the  sought-for  constituent  is  in 
a  nearly  opaque  solution  (caused  by  the  pres- 
ence of  many  radiation  absorbing  constitu- 
ents which  do  not  interfere  with  the  titration 
reaction). 

The  output  electrical  signals  from  the 
light  detector  for  Types  9  and  10  are  more 
convenient  for  automation  of  the  titration 
than  Types  1  through  8,  although  the  latter 
can  be  used.  All  titrations  presently  using 
visual  absorption  indicators,  as  well  as  the 
many  others  that  can  give  curves  similar  to 
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Types  1-10,  can  be  performed  by  either 
manual  or  automatic  spectrophotometric 
end-point  detection. 

Instrumentation.  Conventional  spectro- 
photometers  and  filter  photometers  can  be 
used  to  provide  the  end-point  signals  for 
spectrophotometric  titrations.  However, 
they  are  generally  quite  cumbersome  after 
the  other  titration  equipment  is  mounted  in 
position  and  do  not  provide  the  versatility 
often  desired.  Therefore,  new  instruments 
have  been  specifically  designed  and  produced 
for  spectrophotometric  titrations.  All  the 
components  are  integrated  with  convenient 
mounting  of  titrant  delivery  systems,  effi- 
cient stirring,  simple  and  rapid  insertion  and 
removal  for  many  sizes  of  titration  beakers, 
and  direct  connections  to  suitable  control 
systems  for  automatic  end-point  termination 
or  recording  of  the  titration  curve.  The  titra- 
tion cells  can  be  ordinary  "Pyrex"  beakers  in 
the  visible  and  down  to  350  millimicrons  in 
the  ultraviolet,  and  quartz  beakers  can  be 
used  below  350  m/*. 

The  usual  method  for  obtaining  the  neces- 
sary bands  of  radiation  is  with  a  continuous 
source  of  radiation  and  a  monochromator. 
Prisms  and  gratings  can  be  used  but  inter- 
ference filters  are  less  expensive  and  can  pro- 
vide narrow  bands  (10  to  15  millimicrons 
half -width)  of  radiation  in  the  visible,  near 
UV  and  near  IR.  In  certain  cases  better  se- 
lectivity and  sensitivity  might  be  obtained 
by  use  of  a  monochromatic  light  source  such 
as  a  gas  discharge  lamp. 

The  titrant  delivery  system  can  be  an 
ordinary  stopcock  buret,  preferably  with 
self -zeroing  and  refill  devices,  or  one  of  the 
new  automatic  burets.  In  one  of  these  the 
titrant  is  forced  through  a  tube  with  a  pre- 
cision-ground plunger  driven  by  a  motor. 
The  movement  of  the  plunger  and  volume  of 
titrant  delivered  are  determined  from  the 
number  of  revolutions  by  the  motor.  The 
plunger  and  gear  system  can  be  made  so 
that  a  revolution  counter  reads  directly  in 
milliliters,  and  very  high  accuracy  is  possible 
even  for  small  volumes. 


In  certain  cases  it  is  possible  to  generate 
electrolytically  the  titrant  at  a  suitable 
generator  anode  or  cathode,  and  the  milli- 
equivalents  of  titrant  delivered  can  be  de- 
termined by  automatically  integrating  the 
current  from  the  start  of  the  titration  to  the 
end  point  and  applying  Faraday's  Law.  The 
data  presentation  system  can  be  made  to 
show  the  titration  result  directly  in  numbers 
on  a  dial  or  printed  tape. 

Accuracy.  The  relative  reproducibility 
and  accuracy  of  spectrophotometric  titra- 
tions is  often  of  the  order  of  0.1%.  This  is 
possible  because  many  good  procedures  have 
been  developed  whereby  interferences  have 
been  eliminated,  and  the  quantity  of  titrant 
added  for  a  specific  sample  is  sufficient  so  the 
accuracy  of  the  titrant  delivery  system  is 
not  a  limiting  factor.  The  accuracy  by  spec- 
trophotometric titration  compares  very 
favorably  with  conventional  abolute  spec- 
trophotometric measurements  which  seldom 
are  more  accurate  than  1  %  because  of  vari- 
ous solution  and  instrumental  phenomena. 
For  example,  quantitative  results  for  sam- 
ples of  low  absorbance  can  be  inaccurate 
because  of  imperfections  or  dust  and  dirt  on 
the  sample  cell  windows;  samples  of  high 
absorbance  can  be  in  error  because  of  stray 
light  in  the  instrument.  Unsuspected  im- 
purities absorbing  at  the  same  wave  lengths 
as  the  sought-for  constituent  or  solution 
turbidity  can  cause  large  relative  errors. 
Whereas  these  phenomena  cause  changes  of 
absolute  absorbance  they  merely  produce  a 
shifting  of  the  titration  curve  on  the  absorb- 
ance axis  and  do  not  significantly  affect  the 
end  point  within  certain  practical  limits. 

In  general,  for  many  applications  the  ti- 
tration procedure  is  unsurpassed  for  sim- 
plicity and  accuracy  among  quantitative 
measurement  methods.  In  other  cases  the 
sample  preparation,  (i.e.  dissolution  of  sam- 
ple and  elimination  of  interferences)  is  suffi- 
ciently time  consuming  and  subject  to  errors 
so  as  to  make  titrations  impractical. 

When  it  is  a  matter  of  choosing  the  end- 
point  method  for  a  specific  titration  many 
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things  must  be  considered,  but  certainly  the 
spectrophotometric  system  (with  its  versa- 
tility, sensitivity,  accuracy  and  simplicity 
for  automation)  should  always  be  near  the 
top  of  the  list  along  with  potentiometric 
and  amperometric  end-point  methods. 

H.  V.  MALMSTADT 

ULTRAMICROSPEaROPHOTOMETRY 

Ultramicrospectrophotometry  refers  to 
spectrophotometry  using  samples  of  the  size 
encountered  in  ultramicroanalysis,  i.e.  10~6 
gm  or  smaller.  In  practice,  the  distinction 
between  microspectrophotometry  and  ultra- 
microspectrophotometry  is  not  always  clear, 
since  biologists  and  others  working  with  his- 
tologic  preparations  commonly  refer  to  ab- 
sorption measurements  on  individual  cells, 
or  parts  thereof,  as  microspectrophotometry. 
In  such  instances,  the  sample  being  studied 
may  be  considerably  below  the  limit  given 
for  Ultramicrospectrophotometry,  as  for  ex- 
ample when  the  hemoglobin  spectrum  is 
determined  on  a  single  erythrocyte  contain- 
ing approximately  3  X  lO^11  gm  hemoglobin. 

The  major  problem  in  chemical  ultrami- 
crospectrophotometry  has  to  do  with  design 
of  a  cell  that  possesses  a  sufficiently  small 
cross  sectional  area  to  give  good  absorption 
intensities  and  yet  transmits  sufficient  en- 
ergy to  permit  accurate  photometry.  Several 
cell  designs  have  been  used.  By  constructing 
the  cell  from  capillary  tubing,  it  is  possible 
to  obtain  path  lengths  of  several  cm  and 
internal  diameters  smaller  than  1  mm,  al- 
though cells  of  larger  cross  section  are  more 
convenient  to  use.  Such  cells  must  be  illu- 
minated with  parallel  light  and  the  energy 
limitation  imposed  by  the  small  aperture  re- 
quires a  sensitive  photometer  or  increase  in 
optical  slit  width,  or  both.  Craig,  Bartel  and 
Kirk1  have  described  a  5-cm  capillary  cell  of 
20  /*!  volume,  as  well  as  a  cell  holder  and 
special  photomultiplier  photometer,  for  use 
with  the  Beckman  DTI  spectrophotometer. 
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In  favorable  situations,  this  permits  absorp- 
tion measurements  on  samples  as  small  as 
10"10  gm. 

Cells  that  are  more  convenient  to  use,  al- 
though optically  less  efficient,  were  designed 
by  Lowry  and  Bessey.2  These  cells  have  10 
mm  path  lengths  and  possess  rectangular 
cross  sections  that  measure  1  mm  or  2  mm 
in  width  by  25  mm  in  height.  The  height  can 
be  reduced  by  appropriate  masks  to  a  mini- 
mum of  about  2.5  mm.  Visible  and  ultravio- 
let absorption  measurements  on  samples  in 
the  10~7  to  10~9  gm  range  can  be  made  with 
cells  of  this  type  using  a  Beckman  DU  spec- 
trophotometer. 

The  development  of  electronic  ordinate 
expansion  and  of  beam  condensing  optics  for 
use  with  modern  recording  spectrophotome- 
ters  (such  as  the  Perkin-Elmer  Model  4000A) 
permits  a  5-10  fold  increase  in  sensitivity  in 
measurements  with  cells  of  the  Lowry  type. 
Electronic  ordinate  expansion  is  difficult 
with  long-path  capillary  cells  because  of  en- 
ergy limitations,  and  with  these  cells  beam 
condensing  optics  cannot  be  used  to  increase 
energy  because  of  the  highly  convergent  rays 
that  exist  in  such  systems. 

Mason8  has  recently  described  use  of  KBr 
micropellets  for  ultramicrospectrophotomet- 
ric  measurements.  The  sample  must  have  a 
sufficiently  low  vapor  pressure  to  permit  its 
incorporation  into  KBr  either  by  grinding  or 
by  lyophilization.  KBr  pellets  are  pressed 
with  standard  micro-dies  of  the  type  used  in 
infrared  spectrophotometry.  Using  KBr  rai- 
cropellets  of  0.5  mm  diameter  and  weighing 
0.5  mg,  an  O.D.  of  0.05  was  obtained  with 
2  X  10~9  gm  of  safranin  at  520  m/x.  This  is 
equivalent  to  the  calculated  value  for  a  20 
fA  capillary  cell  having  5  cm  path  length, 
and  10-fold  better  than  the  calculated  value 
for  a  30  01  Lowry  cell  having  1  cm  path 
length.  Due  to  the  short  path  (less  than  1 
mm)  through  the  pellet,  it  is  possible  to  use 
a  highly  convergent  beam  and  attain  suffi- 
cient energy  for  ordinate  expansion.  This 
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permits  a  further  5-10  fold  reduction  in 
sample. 

Sample  requirements  for  spectrophotome- 
try  in  the  infrared  are  much  larger  than  in 
ultraviolet  and  visible  regions  due  to  weaker 
absorptions,  and  infrared  ultramicrospec- 
trophotometry  has  barely  been  achieved. 
Coates,  Offner  and  Siegler4  have  published 
spectra  obtained  with  an  infrared  micro- 
scope on  10"6  gm  amounts  of  cholesterol  in 
082  and  on  single  textile  fibers  weighing 
10"7  gm.  Infrared  spectra  on  microgram 
amounts  of  steroids  have  been  obtained 
by  the  KBr  micropellet  technique.5  A  good 
summary  of  problems  encountered  in  in- 
frared microspectrophotometry  is  given  by 
Wood.6 
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VACUUM  ULTRAVIOLET  REGION  INSTRUMEN- 
TATION 

Introduction.  The  vacuum  ultraviolet 
portion  of  the  electromagnetic  spectrum  ex- 
tends from  2000  A  to  1  A.  The  difference  be- 


tween the  conventional  and  vacuum  ultravi- 
olet is  arbitrary  and  is  usually  distinguished 
by  the  experimental  techniques  employed  in 
each  region.  This  region  has  been  thoroughly 
reviewed  by  Lyman18  and  Inn.8 

In  1893  Schumann  made  the  first  investi- 
gation of  this  region  and  reached  1200  A  as 
a  lower  limit.2  The  introduction  of  the  con- 
cave grating  by  Lyman  in  1906  enabled  the 
limit  to  be  extended  to  500  A.  This  limit  was 
further  lowered  by  the  improvement  of  exist- 
ing sources,  but  it  was  not  until  1925  when 
Compton  and  Doan  introduced  the  use  of  a 
grating  at  grazing  incidence  that  wave- 
lengths lower  than  100  A  could  be  obtained. 

The  optical  transitions  encountered  in  the 
vacuum  ultraviolet  are  of  the  order  of  6  e.V. 
or  more  as  compared  to  about  4  e.V,  en- 
countered in  the  conventional  ultraviolet. 
Since  the  ionizational  potential  of  most 
molecules  lies  around  6  e.V.,  electronic  tran- 
sitions from  the  ground  state  of  the  neutral 
molecule  to  the  molecular  ion  are  most  often 
observed  in  the  vacuum  ultraviolet.  These 
transitions  are  known  as  Rydberg  transi- 
tions. 

General  Instrumental  Problems.  The 
two  TnQfJTi  instrumental  difficulties  which  are 
encountered  in  this  region  are:  the  absorp- 
ance  of  air,  and  the  unavailability  of  trans- 
parent substances  for  use  in  optical  systems. 
The  interference  of  air  is  due  to  the  absorb- 
tion  of  oxygen  in  the  region  1950  A  to  2  A. 
This  problem  is  usually  eliminated  by  evacu- 
ating the  system  to  1  /*. 

Calcium  fluoride,14  lithium  fluoride18  and 
sapphire4  have  been  used  for  making  the 
optical  accessories  for  the  region  from  2000 
to  1100  A.  However,  the  use  of  such  materials 
makes  it  impossible  to  work  below  1100  A 
because  of  their  increasing  absorbance. 
Recently  thin  films  of  silicon  monoxide, 
aluminum  and  beryllium1  have  been  used 
both  as  filters  and  cells  for  wavelengths 
shorter  than  1000  A,  but  the  techniques 
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necessary  with  such  films  have  not  yet  been 
fully  developed. 

light  Sources.  The  availability  of  good 
light  sources  has  long  been  a  problem  in  the 
vacuum  ultraviolet.  It  has  been  found  de- 
sirable to  use  a  background  light  source 
which  has  a  strong  continuum  in  the  region 
of  interest,  is  continuously  operating  and  is 
stable  over  reasonable  periods  of  time.  The 
hydrogen  discharge  tube,  especially  as  modi- 
fied by  Lyman  and  others,9* M  fulfills  these 
requirements.  The  Lyman  source  consists  of 
a  discharge  through  a  thick-walled,  open- 
ended  capillary  tube.  The  radiation  is  ob- 
tained by  viewing  the  tube  down  the  length 
of  the  bore  of  the  tube.  The  discharge  gas  is 
usually  hydrogen  for  absorption  studies,  but 
in  emission  work  the  substance  to  be  studied 
is  used  as  the  discharge  medium. 

The  helium  continuum  from  600  to  1000 
A  has  also  been  used;  however,  it  is  too  un- 
stable to  be  used  in  spectrophotometric  stud- 
ies. Recently  the  continuous  molecular- 
emission  spectra  of  xenon,  krypton,  argon 
and  neon20* 21  have  been  used  in  the  Schu- 
mann region  from  790  A  to  2000  A  with  great 
success.  The  spectrum  of  these  rare  gases  is 
produced  by  microwave  energy.  The  stabil- 
ity of  these  sources  makes  them  extremely 
useful  for  spectrophotometric  work. 

The  low  pressure  spark12  and  other  spark 
sources  have  often  applied  to  the  determina- 
tion of  absorption  coefficients  because  of 
their  constant  intensity.  Their  main  disad- 
vantage is  a  relatively  short  life  time. 

Vacuum  Monochromators.  For  use  in 
the  longer  wavelength  portion  of  the  vacuum 
ultraviolet,  prism  instruments  have  been 
widely  used  because  of  their  low  cost  and 
ease  of  construction.  Their  construction  is 
identical  with  those  used  in  the  conventional 
ultraviolet.  However,  scattered  light  is  a 
very  important  problem  in  the  vacuum  ul- 
traviolet. Often  the  light  in  the  near  ultra- 
violet and  visible  regions  scattered  from  the 
face  of  a  prism  is  of  much  greater  intensity 
.than  the  dispersed  radiation.  This  is  espe- 
cially important  in  spectrophotometric  de- 
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terminations,  and  various  methods  have 
been  used  to  correct  for  it.  The  most  suc- 
cessful method  of  eliminating  this  scattered 
radiation  has  been  developed  by  Hammond 
and  Price.8  It  consists  of  vibrating  a  Littrow 
mirror  through  a  small  angle  around  a  hori- 
zontal axis  while  the  spectrum  is  being 
scanned  by  rotating  the  prism-mirror  com- 
bination about  a  vertical  axis.  By  means  of 
an  amplifier  tuned  to  the  vibration  frequency 
of  the  mirror,  the  scattered  radiation  is  neg- 
lected by  the  detecting  device. 

Grating  instruments  fall  into  two  general 
categories:  those  that  employ  normal  inci- 
dence and  those  that  employ  grazing  inci- 
dence. Both  methods  of  incidence  use  the 
concave  grating  because  of  the  greater  dis- 
persion and  resolution  obtainable.  Incidence 
angles  are  approximately  14°  for  normal  in- 
cidence and  may  extend  to  89°  for  a  grazing 
incidence  instrument. 

The  efficiency  of  grating  instruments  is 
seriously  impaired  by  the  decrease  in  reflect- 
ing power  with  a  decrease  in  wavelength. 
This  is  especially  true  at  normal  incidence. 
Sabine16  conducted  an  extensive  survey  on 
the  reflecting  power  of  various  materials  in 
the  vacuum  ultraviolet.  His  results  show 
that  platinum  and  aluminum  are  the  best 
reflectors  in  this  region.  Various  methods  of 
improving  the  reflectivity  of  a  grating  have 
been  attempted;  the  most  successful  em- 
ploys the  platinizing  of  aluminum  surfaces.19 

The  vacuum  spectrograph  as  developed  by 
Tousey  et  oZ.18  and  manufactured  by  Baird 
has  proved  the  most  versatile  instrument  for 
work  in  this  field. 

Vacuum  Ultraviolet  Detectors.  Spe- 
cially prepared  photographic  emulsions17  and 
oil  sensitized  emulsions6  have  been  used  al- 
most exclusively  for  precise  wavelength 
measurements  and  for  the  analysis  of  vari- 
ous spectra.  However,  recently  photomulti- 
plier  detectors,9  photoelectric  cells8  and  win- 
dowless  vacuum  photoelectric  cells7  have 
been  developed  for  use  in  this  region.  The 
latter  type  especially  shows  promise  because 
of  the  very  high  quantum  efficiency  in  this 
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region  of  the  spectra.  All  these  electronic  de- 
tectors are  usually  standardized  against  a 
standard  thermocouple. 

Applications.  Thus  far  the  vacuum  ultra- 
violet has  not  often  been  used  as  a  method 
of  chemical  analysis  because  of  the  instru- 
mental difficulties  encountered  in  this  region 
and  especially  because  of  the  lack  of  good 
solvents11  which  are  transparent  in. this  re- 
gion at  the  lower  wavelengths.  The  absorp- 
tion coefficients  of  many  substances  have 
been  measured  and  used  for  the  determi- 
nation of  impurities  in  gases.  In  a  survey 
of  the  spectra  of  pure  hydrocarbons,  Jones 
and  Taylor10  noted  that  this  region  would 
be  more  useful  for  the  determination  of 
the  total  concentration  of  all  members  of 
a  group  of  compounds  with  similar  electronic 
structure  than  for  distinguishing  between  in- 
dividual members. 

In  other  fields,  especially  those  of  substitu- 
tion effects  and  electronic  structure,  vacuum 
ultraviolet  spectroscopy  has  proved  more 
successful.8  Increasingly  more  convenient  ex- 
perimental techniques  will  lead  to  a  more 
widespread  application  and  a  greater  knowl- 
edge of  the  electronic  nature  of  many  com- 
pounds. 
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BAND  SPECTROSCOPE 


THEORY,  INSTRUMENTATION,  INTERPRETATION, 
AND  APPLICATIONS 

The  term  "band  spectrum"  is  used  to  des- 
ignate a  spectrum  originating  either  by  emis- 

*  Revision  of  article  in  the  "Encyclopedia  of 
Chemistry  Supplement,"  Reinhold,  New  York, 
1958,  p.  34. 


sion  or  absorption  in  the  molecules  of  a 
compound.  As  such  it  is  to  be  distinguished 
from  a  line-spectrum,  which  is  the  designa- 
tion of  a  spectrum  originating  in  the  atoms 
of  a  chemical  element.  It  should  not  be  as- 
sumed that  the  appellation  band  spectrum 
is  necessarily  descriptive.  It  is  to  be  consid- 
ered mainly  of  historical  significance  origi- 
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nating  at  a  time  when  low  dispersion  instru- 
ments were  generally  used  for  observation, 
which  imparted  an  appearance  of  unresolved 
bands  to  many  of  these  spectra.  Actually,  if 
an  exception  is  made  of  pure  rotational 
spectra  in  the  far  infrared  region,  all  band 
spectra  are  highly  complex  when  observed 
under  high  resolution.  The  optical  radiant 
energy  identified  with  molecular  spectra  is 
distributed  over  a  very  wide  range  of  fre- 
quencies extending  from  the  ultraviolet  to 
the  far  infrared,  in  effect  joining  the  micro- 
wave region  at  wavelengths  of  the  order  of  1 
mm.  The  dynamic  conditions  accounting  for 
this  distribution  will  be  examined  briefly. 

The  essential  differences  between  atomic 
and  molecular  spectra  are  accounted  for  by 
the  fact  that  the  former  are  completely  ex- 
plained by  quantized  changes  in  the  energy 
associated  with  the  outer  electronic  struc- 
ture, whereas  the  latter  include  not  only  this 
energy,  but  also  contributions  of  energy  re- 
sulting from  the  vibration  of  the  component 
atoms  relative  to  each  other  and  from  rota- 
tion of  the  molecule  as  a  whole  about  an  axis 
through  the  center  of  gravity.  The  actual 
energy  pattern  may  be  represented  by  a 
summation  of  these  three  contributions;  that 
is,  we  may  write  E  =  E6  +  Ev  +  Er ,  or 
following  the  usual  notation  when  the  en- 
ergy is  expressed  in  wave  number  units  or 
term  values,  T  =  T,  +  0  +  F.  All  three 
forms  of  energy  are  quantized,  but  it  may  be 
shown  that  in  some  cases  vibrational  fre- 
quencies are  the  same  as  those  predicted  by 
classical  mechanics.  It  is  not  necessary  that 
all  three  forms  of  energy  be  present.  There 
are  instances  of  pure  rotational  energy.  Since 
this  energy  is  relatively  small,  such  band 
spectra  are  found  only  in  the  far  infrared  be- 
yond 20  microns. 

Probably  the  outstanding  example  of  a 
completely  described  rotational  spectrum  is 
to  be  found  in  the  paper  dealing  with  water 
vapor  by  Randall,  Dennison,  Ginsberg,  and 
Weber.1  Vibrational  spectra  with  rotational 
structure  are  also  of  frequent  occurrence. 
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Owing  to  the  magnitudes  of  interatomic 
forces  these  are  found  in  general  between  3 
and  15  microns. 

Beginning  with  the  observation  of  rota- 
tional fine  structure  of  H20  vapor  by  Eva 
von  Bahr  in  1913  and  the  subsequent  obser- 
vation of  the  same  spectrum  and  those  of  the 
halogen  acids  by  Sleator  and  Imes2' 8  a  short 
time  later,  the  quantum  interpretation  of 
band  spectra  developed  rapidly.  The  body 
of  information  on  this  subject  is  remarkably 
complete.  It  may  be  stated  safely  that  all 
observable  features  of  well-resolved  spectra 
of  molecules  in  the  vapor  state  may  be  com- 
pletely accounted  for  both  within  the  frame- 
work of  classical  quantum  theory  and  that  of 
wave  mechanics. 

The  most  complete  discussion  is  to  be 
found  in  two  books  by  Herzberg.4* 5  The  no- 
tation introduced  in  the  following  sections 
follows  for  the  most  part  that  employed  by 
Herzberg.  A  fairly  detailed  treatment  has 
been  given  by  Ruark  and  Urey.8  Attention 
is  also  called  to  review  articles  by  R.  S. 
Mulliken7  and  by  D.  M.  Dennison.8  As  the 
development  of  the  subject  is  lengthy  and  de- 
tailed, only  a  few  basic  concepts  are  included 
here.  In  general  the  theory  is  built  up  by 
extensions  of  these  ideas. 

In  the  development  of  the  quantum  theo- 
retical explanation  of  the  detailed  features  of 
molecular  spectra  it  is  customary  to  begin 
with  the  spectra  of  diatomic  molecules.  This 
introduces  a  relatively  greater  degree  of  sim- 
plicity because  one  is  dealing  essentially 
with  a  two-body  problem.  Furthermore  the 
full  details  of  diatomic  spectra  are  frequently 
completely  observable,  whereas  the  complex- 
ity of  the  spectra  of  polyatomic  molecules  is 
in  general  so  formidable  that  the  details  may 
be  resolved  in  relatively  few  instances,  usu- 
ally where  considerations  of  symmetry 
permit  a  simplification  of  the  model.  The 
general  features  of  polyatomic  molecules 
may  be  explained  by  extending  the  concepts 
developed  for  diatomic  molecules. 

A  physical  model  may  be  conceived  for  the 
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diatomic  molecule  which  closely  represents 
its  actual  features  and  properties.  It  is 
thought  of  as  a  dumbbell  structure.  First  we 
think  of  it  as  a  rigid  rotator  with  an  axis 
through  the  center  of  mass  perpendicular  to 
the  line  joining  the  nuclei  of  the  constituent 
atoms.  A  wave-mechanical  treatment  of  this 
rotator  leads  to  the  following  expression  for 
the  quantized  energy: 


where  h  is  Planck's  constant,  /  is  the  mo- 
ment of  inertia  and  J  is  the  rotational  quan- 
tum number  which  can  take  a  series  of  in- 
tegral values  0,  1,  2,  •  •  •  .  This  formula  is 
generally  written  F(J)  =  BJ  (J  +  1)  where 
the  constant 

% 
B  - 


Each  rotational  energy  state  is  characterized 
by  one  of  these  J  values.  The  quantum 
mechanics  also  leads  to  a  requirement  for  a 
selection  rule  for  transitions  between  energy 
states  AJ  =  ±1.  Since  such  transitions  ac- 
count for  the  emission  or  absorption  of 
spectral  lines  the  frequency  of  such  lines  is 
given  by 


or 


«  0,1,2, 


This  leads  to  a  series  of  equidistant  lines. 
Such  spectra  are  actually  observed  in  the  far 
infrared.  The  actual  frequency  of  rotation  of 
the  rigid  rotator  may  also  be  derived  and 
turns  out  to  be 

?rot  -  c2BVJ(J  + 1)  *•  &BJ. 

That  is,  for  any  state  characterized  by  J  the 
rotational  frequency  is  approximately  equal 
to  the  frequency  of  the  spectral  line  that  has 
this  state  as  its  upper  state.  Actually  the 
molecule  is  not  strictly  rigid.  A  correction 
of  the  simple  formula  is  necessary  to  account 


for  modification  of  the  observed  spectral 
features  resulting  from  centrifugal  stretch- 
ing. The  effect  is  tied  in  with  the  vibrational 
frequency  of  the  molecule  and  leads  to  a 
modified  expression  for  the  rotation  energy 
F(J)  =  BJ(J  +  1)  -  DJ*(J  +  l)^,  where 
D  =  (4J38/«2),  w  being  the  vibrational  fre- 
quency. This  extra  term  is  always  small. 

The  dumbbell  model  is  next  considered  as 
a  harmonic  oscillator,  characterized  by  a 
simple  harmonic  motion  of  the  constituent 
atoms  along  the  line  joining  them  under 
Hooke's  law  forces.  Since  the  observed  spec- 
tral frequency  is  in  some  instances  equal  to 
the  classical  vibrational  frequency  of  a  mole- 
cule of  the  described  configuration,  it  is  of 
interest  to  recall  the  formula  for  simple 
harmonic  motion 


where  k  is  the  force  constant  or  force  required 
to  produce  unit  displacement,  and  m  is  the 
mass  of  the  point  moving  with  simple  har- 
monic motion.  For  the  model  under  consid- 
eration consisting  of  mass  points,  mi  and 
7T&2 ,  m  is  replaced  by  the  reduced  mass  M, 
equal  to  m^ni/mi  +  m* .  On  the  classical 
theory,  only  one  vibration  frequency  is  pos- 
sible. The  solution  of  the  Schrodinger  wave 
equation  for  the  harmonic  oscillation  leads 
to  the  following  equation  specifying  the  vi- 
brational energy  states: 

Jf W  -  *W*  +  M) 

where  v  is  the  vibrational  quantum  number 
that  takes  integral  values  0, 1, 2,  •  •  •  .  Trans- 
forming to  term  values  the  equation  becomes 


or 


where  «  is  the  vibrational  frequency  in  cm""1. 
We  thus  obtain  a  series  of  equally  spaced 
energy  levels.  The  quantized  emitted  or  ab- 
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sorbed  energy  in  cm"1  takes  place  respec- 
tively by  a  transition  from  a  higher  to  a 
lower  or  a  lower  to  a  higher  vibrational  state. 
The  wave  number  characterizing  such  a 
transition  is  given  by 

V   -    0(0')    -    0(0") 

where  v'  and  v"  are  the  vibrational  quantum 
numbers  of  the  upper  and  lower  states  re- 
spectively. The  selection  rule  that  governs 
such  transitions  and  which  also  has  been  ac- 
counted for  by  quantum  mechanics  is 

At;  -  v'  -  0*  =  ±1 
It  may  be  noted  immediately  that 
v  -  0(0  +  1)  -  G  -  o>, 

indicating  that  the  quantum-mechanically 
derived  frequency  is  equal  to  the  classical 
frequency  for  all  transitions.  Thus  we  are  led 
to  expect  a  single  vibrational  absorption  or 
emission  band.  Actually  weak  harmonics  of 
approximately  integral  multiples  of  the  fund- 
amental frequency  are  sometimes  observed, 
corresponding  to  transitions  with  47*  greater 
than  1.  The  reason  for  the  appearance  of 
harmonics  is  that  there  is  an  anharmonicity 
introduced  into  the  oscillating  system  owing 
to  the  fact  that  the  interatomic  forces  depart 
somewhat  from  Hooke's  law  both  on  close 
approach  and  extreme  separation  approach- 
ing dissociation.  This  leads  to  a  breakdown 
of  the  selection  rule.  The  correction  for  an- 
harmonicity is  in  general  relatively  small. 

The  complete  expression  for  the  vibra- 
tional energy  expressed  as  a  term  value  is  a 
power  series  including  a  quadratic  and  for 
extremely  precise  representation  of  wave 
numbers  a  cubic  term  in  powers  of  (v  +  %). 
Thus  we  have 


where  the  subscript  e  refers  to  the  equilib- 
rium position.  Neglecting  the  cubic  term  we 
obtain 
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It  is  convenient  to  measure  the  levels  from 
the  zero  point  energy  obtained  setting  v  = 
0.  In  this  case  Ag  —  wo  —  wzo  —  2a?oW- 

It  is  prerequisite  to  the  emission  or  absorp- 
tion of  energy  that  the  fundamental  vibra- 
tion cause  a  change  in  the  electric  dipole 
moment  of  the  molecule;  otherwise  it  is  "in- 
frared inactive."  Illustrative  of  such  inactive 
vibrations  are  those  of  diatomic  molecules 
containing  identical  atoms  such  as  62  or  N2  . 
In  certain  instances,  inactive  vibrations  are 
observable  as  Raman  effect  displacements. 
Infrared  and  Raman  effect  observations 
therefore  supplement  each  other  advan- 
tageously. 

The  simultaneous  occurrence  of  vibra- 
tional and  rotational  transitions  accounts 
for  the  observed  features  of  infrared  spectra 
illustrated  by  those  of  the  halogen  acids. 

The  formulation  may  be  summarized  by 
combining  the  equations  already  given.  The 
term  value  of  the  vibrating  rotator  becomes 


H)  -  « 


T  -  0(9) 


From  this  we  obtain  the  abbreviated  form  of 
the  expression  for  the  wave  numbers  neglect- 
ing the  correction  for  centrifugal  stretching: 

F  -  F.  +  A'/'GP  +  1)  -  AV'GT"  +  1) 

where  the  values  of  B  are  appropriate  to  the 
respective  vibrational  states  and  take  into 
account  the  interaction  between  rotation  and 
vibration.  If  we  set  AJ  «  +1  and  A/  = 
—  1,  respectively,  and  replace  J"  by  J  the 
above  equation  reduces  to  the  following  two: 

F*  =  FO  +  2A'  +  (3A'  -  A")/  +  (A'  -  B/)J»; 


VP  -  FO  -  (B,'  +  A*)/  +  (A'  -  B/)J^; 

J-1,2,  ...  . 

These  formulas  represent  two  series  of  lines 
which  are  called  the  P  and  R  branches.  If  the 
vibrations  were  strictly  harmonic  and  if  there 
were  no  centrifugal  stretching  accompanying 
the  rotation  or  interaction  between  vibra- 
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tions,  the  branches  of  the  band  would  consist 
of  equally  spaced  lines  extending  each  direc- 
tion from  the  zero  energy  position  of  the 
vibration  band.  Actually  taking  these  effects 
into  account  the  P-branch  shows  a  gradual 
increase  in  the  separation  of  components  and 
the  JB-branch  a  decrease. 

Up  to  this  point  only  cases  have  been  con- 
sidered where  the  electronic  state  of  the 
molecule  remains  constant  during  the  occur- 
rence of  vibrational  and/or  rotational  transi- 
tions. A  large  class  of  bands,  mostly  in  the 
visible  and  ultraviolet  regions,  is  accounted 
for  by  a  change  in  electronic  energy,  similar 
to  that  responsible  for  line  emission  spectra, 
accompanied  by  vibrational  and  rotational 
transitions.  The  electronic  energy  represents 
the  largest  contribution  and  accounts  for  the 
spectral  location.  These  bands  are  charac- 
terized by  recurrent  regularities  known  as 
progressions.  A  rotational  fine  structure  is 
superposed  on  the  regularities.  A  good  ex- 
ample is  the  CN  bands  which  occur  in  emis- 
sion with  great  intensity  in  the  carbon  arc. 
The  electronic  levels  are  characterized  by 
vibrational  structure  which  in  turn  have  ro- 
tational fine  structure.  There  is  no  strict 
selection  rule  for  the  vibrational  transitions, 
that  is,  a  transition  can  occur  between  any 
vibrational  level  of  one  electronic  state  and 
all  the  vibrational  levels  of  the  other.  The 
set  of  bands  arising  from  such  a  group  of 
transitions  forms  a  progression.  Similarly 
each  of  these  vibrational  transitions  is  ac- 
companied by  rotational  transitions  yielding 
the  usual  P  and  R  branches  and  in  addition 
a  Q  branch  resulting  from  J"  -  J'  -  0.  This 
new  selection  rule  is  accounted  for  by  theory, 
based  on  the  fact  that  there  is  a  difference  in 
the  angular  momentum  associated  with  the 
upper  and  lower  electronic  states. 

The  explanation  of  the  features  of  the 
spectra  of  polyatomic  molecules  is  developed 
naturally  from  the  principles  outlined  for  di- 
atomic molecules.  Instead  of  a  single  mode 
of  vibration  a  polyatomic  molecule  possesses 
several  determined  by  point  group  theory. 


For  a  molecule  of  N  atoms  there  are  3#  —  6 
possible  modes  of  vibration  (3JV  —  5)  for  a 
linear  molecule.  A  fundamental  radiation 
frequency  would  be  expected  for  each  of 
these  modes.  Some  however  are  inactive,  as 
for  instance  the  totally  symmetric  vibration 
of  a  linear  symmetric  molecule  such  as  CO2 . 
Except  for  what  is  described  as  a  spherical 
top  molecule  there  are  always  several  mo- 
ments of  inertia  corresponding  to  various 
possible  axes  of  rotation.  In  general  there  is 
always  a  possibility  of  angular  momentum 
about  an  axis  of  symmetry.  This  results  in 
an  extension  of  the  selection  rule  for  rota- 
tional quantum  numbers  to  AJ  =  0  in  addi- 
tion to  AJ  =  =bl.  There  is  a  Q  branch  in 
these  instances.  An  exception  is  the  linear 
molecule.  For  example  a  C02  band  shows  no 
Q  branch.  As  in  the  case  of  diatomic  mole- 
cules a  change  in  dipole  moment  is  required 
for  emission  or  absorption  of  energy. 

Even  moderately  complex  molecules  show 
large  numbers  of  vibration  bands,  either 
fundamentals  or  in  general  less  intense  over- 
tone or  combination  bands.  The  rotational 
structure  is  resolved  only  in  a  few  instances 
of  relatively  simple  molecules  where  the 
available  optical  resolution  can  be  brought 
to  bear  advantageously.  Examples  are  C02 , 
CH4 ,  and  NH8 .  The  observed  absorption 
bands  are  in  general  envelopes  that  include 
the  rotational  energy  accompanying  the  vi- 
brations. Most  of  them  occur  in  the  "rock- 
salt  region"  between  2  and  15  microns.  As 
may  be  expected,  some  modifications  in  the 
structure  of  a  spectrum  occur  when  the  ma- 
terial is  in  the  liquid  or  solid  state. 

Molecular  Spectra.  The  spectrum  of  a 
molecule  or  an  atom  has  been  described  as 
its  most  definitive  characteristic.  The  fact 
that  the  spectrum  is  unique  leads,  of  course, 
to  applications  in  identification  and  analysis 
that  are  extremely  useful  and  important. 
The  term  "finger-printing"  of  molecules  is  of 
course  familiar  to  all  analysts.  The  spectrum 
not  only  establishes  the  identification  of 
compounds  but  distinguishes  between  vari- 
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ous  types  of  stereoisomerism  including  cis- 
and  trans-forms.  In  order  to  make  the  best 
use  of  spectra  for  identification,  extensive 
libraries  of  spectral  absorption  curves  have 
been  assembled  and  are  being  extended. 
Among  the  first  to  attract  widespread  atten- 
tion was  the  compilation  by  Barnes,  Gore, 
Liddel,  and  Williams.9  An  extensive  set  of 
spectra  of  hydrocarbons  now  numbered  in 
the  thousands  represents  a  continuing  effort 
by  the  American  Petroleum  Institute.10  A 
more  recent  program  covering  a  wider  range 
of  chemical  compounds  is  that  sponsored  by 
the  Coblentz  Society.  The  material  collected 
by  the  organization  is  published  and  dis- 
tributed by  Sadtier.11 

The  utilization  of  infrared  analytical 
methods  has  become  an  important  tool  for 
industrial  research,  particularly  in  support  of 
those  industries  dealing  with  petroleum 
products,  plastics,  and  organic  chemicals 
The  manufacture  of  spectrophotometric. 
equipment  is  of  itself  an  important  industry. 
The  developments  in  this  field  have  been 
covered  by  biennial  survey  articles  in  Ana- 
lytical Chemistry.  The  survey  articles  in  the 
infrared  field,  including  extensive  compila- 
tions of  references,  were  initiated  by  Barnes 
and  Gore12  and  continued  by  Gore.18  This 
series  provides  an  essentially  complete  index 
to  current  literature. 

It  was  suggested  by  Coblentz  more  than 
half  a  century  ago  that  the  various  radicals 
or  structural  elements  of  a  molecule  should 
contribute  characteristic  features  to  the  ab- 
sorption spectrum  and  that  it  might  be  pos- 
sible to  identify  compounds  on  the  basis  of  a 
synthesis  of  such  features.  The  argument  has 
considerable  validity,  but  is  not  entirely  con- 
clusive. Several  correlations  of  atomic  groups 
and  absorption  frequencies  in  the  form  of 
charts  are  available. 

The  first  was  that  of  Barnes,  Gore,  Staf- 
ford and  Williams,14  published  in  1948.  The 
well-known  Colthup15  Chart  was  published 
in  1950.  "Infrared  Determination  of  Organic 
Structures/'  by  Randall,  Fowler,  Fuson,  and 
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Dangl,16  is  largely  devoted  to  a  correlation 
of  spectral  features  with  various  types  of 
bonding.  It  also  contains  a  compilation  of 
spectra  in  chart  form.  The  use  of  spectral 
data  has  made  possible  the  identification  and 
determination  of  properties  of  many  short- 
lived molecules  or  free  radicals*  Examples 
are  C2 ,  CH,  and  NH. 

Many  physical  and  chemical  properties  of 
molecules  can  be  inferred  from  spectral  data. 
The  representation  of  a  vibration  frequency 
by  a  Hooke's  law  formula  is  recalled.  Know- 
ing the  masses  of  the  constituent  atoms  and 
the  frequency  it  is  simple  to  derive  the  force 
constant  associated  with  a  given  type  of 
bonding  and  from  this  the  heat  of  dissocia- 
tion. Conversely,  from  a  knowledge  of  bond 
strengths  the  location  of  the  fundamental 
frequencies  may  be  predicted.  The  rotational 
structure  permits  calculation  of  the  moments 
of  inertia  and  derivation  of  interatomic  dis- 
tances. Interesting  features  of  geometry  or 
spatial  configuration  may  be  established.  For 
instance,  the  regular  spacing  of  the  rotational 
components  of  the  C02  bands  proves  that  it 
is  a  linear  molecule.  Similarly  it  has,  in  the 
instance  of  the  water  molecule,  been  possible 
to  compute  the  angle  at  the  0  atom  between 
the  bonds  connecting  it  to  the  two  hydro- 
gens. 

Band  spectra  are  important  for  the  identi- 
fication of  isotopes  and  hence  useful  in  the 
detection  of  rare  products  from  reactors.  The 
isotope  effect,  due  to  the  presence  of  CF 
along  with  Cl86,  was  first  observed  by  Imes8 
and  later  demonstrated  under  high  resolution 
by  Meyer  and  Levin.17  The  isotope  effect  is 
very  large  in  the  instance  of  deuterium  sub- 
stitution for  hydrogen  because  of  the  large 
effect  on  the  reduced  mass  of  doubling  the 
mass  of  one  of  the  component  atoms.  It  is  of 
interest  to  compare  the  positions  of  the  ?2 
and  ?&  fundamentals  of  H20  and  D20.  The 
frequencies  are  as  follows: 


H*O 

1595 
3756 


DtO 
1179 
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This  has  interesting  possibilities  for  ana- 
lytical procedures  where  a  region  of  interest 
might  be  obscured  by  the  presence  of  water 
or  in  certain  instances  its  use  as  a  solvent. 

A  final  statement  concerns  the  astrophys- 
ical  significance  of  band  spectra.  Since  only 
optical  radiant  energy  is  a  requirement  with- 
out the  necessary  possession  of  the  emitting 
sample,  spectra  may  be  used  for  a  study  of 
the  atmospheres  of  planets  or  envelopes  of 
stars.  It  is  in  this  way  that  the  presence  of 
ammonia  and  methane  in  the  atmosphere  of 
Jupiter  has  been  demonstrated. 

A  very  recent  and  timely  contribution  to 
our  knowledge  of  the  constitution  of  plane- 
tary atmospheres  is  the  recently  reported 
work  of  KSess,  Corliss,  and  Kiess18,  which 
leads  to  the  conclusion  that  the  atmosphere 
of  Mars  is  composed  principally  of  oxides  of 
nitrogen.  These  findings  have  significant 
bearing  on  the  question  of  possible  life  on 
that  planet. 
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ELECTRON  BACKSCATTERING,  ANALYSIS  BY 

The  most  recent  application  of  electrons 
(0-particles)  to  analysis  is  the  remarkable 
demonstration  at  Los  Alamos  by  Dr.  and 
Mrs.  Ralph  H.  Muller1' 2  that  the  backscat- 
tering  is  a  discontinuous  function  of  atomic 
number,  but  strictly  linear  in  Z  within  each 
period  of  the  periodic  table,  and  that  the 
backscattering  from  compounds  can  thus  be 
predicted  with  high  precision.  The  very  sun- 
pie  apparatus  consists  of  a  collimated  source 
of  j0-particles  from  strontium-90  which  im- 
pinges on  the  sample,  (solid,  liquid  or  solu- 
tion) after  screening  to  transmit  only  the 
2.18  mev  betas  from  the  daughter  element 
yttrium-90;  and  a  mylar  window  admits  the 
backscattered  particles  into  a  methane  pro- 
portional counter. 

A  calibration  plot  of  relative  backscatter- 
ing shows  that  discontinuities  or  changes  in 
slope  appear  precisely  at  atomic  numbers  10, 
18,  36  and  54  corresponding  to  rare  gas  con- 
figuration of  neon,  argon,  krypton  and  xenon. 
With  linear  equations  over  each  range,  BS  = 
aZ  +  6,  where  BS  is  backscattering  in  per- 
cent, Z  is  atomic  number  and  a  and  b  are 
constants,  it  is  possible  to  calculate  the 
values  for  remaining  elements  which  are 
closely  hi  agreement  with  experimental 
values.  Hydrogen  exhibits  negative  back- 
scattering,  so  that  carbon  in  hydrocarbons 
accounts  for  more  backscattering  than  the 
compounds,  the  difference  being  directly 
proportional  to  the  hydrogen  content.  Sim- 
ilarly corrections  can  be  made  for  hydrates. 
The  difference  in  backscattering  between 
hydrogen  and  deuterium  has  considerable 
theoretical  importance.  Measurements  have 
been  made  very  successfully  on  a  number  of 
organic  compounds  in  single  and  multiple 
component-systems  using  the  following  BS 
values  in  per  cent:  C  (Z  =  6),  5.230;  N  (7), 
6.461;  O  (8),  7.692;  F  (9),  8.923;  S  (16), 
15.953;  Cl  (17),  16.920;  Br  (35),  29.560;  I 
(53),  36.208.  Isomers  scatter  identically,  but 
halogenated  compounds  for  example,  are 
distinguished  with  high  precision.  It  is  ob- 
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vious  that  /3-particle  backscattering  as  well 
as  absorption  can  be  used  in  continuous 
monitoring  of  process  streams  by  use  of  a 
count-rate  meter  and  recording  potentiome- 
ter. Highly  significant  progress  in  industrial 
/3-ray  analysis  was  reported  by  research  ana- 
lytical chemists  of  the  Dow  Chemical  Com- 
pany8 at  the  April  1960  meeting  of  the  Amer- 
ican Chemical  Society.  With  a  20-millicurie 
Sr  90-Yt  90  0-ray  source  and  an  ionization 
detector  electrometer  measuring  circuit,  dif- 
ferences of  only  0.004  per  cent  in  backscatter- 
ing intensities  can  be  detected — a  10-fold 
improvement. 

Quantitative  analysis  of  impure  methyl 
isopropenylketone  gives  the  same  precision 
as  the  classical  microchemical  analysis.  The 
0-ray  technique  analysis  runs  less  than  30 
minutes;  the  chemical  analysis  takes  over 
three  hours.  Hydrogen  analyses  in  binary 
and  ternary  compounds  and  mixtures  are  es- 
pecially accurate  by  0-ray  methods.  Stand- 
ard deviation  in  the  experimentally  deter- 
mined weight  fraction  of  hydrogen  in  66 
compounds  and  mixtures  was  only  0.03  per 
cent,  the  group  reports. 

While  analysis  of  hydrocarbons  by  £-ray 
absorption  or  transmission  techniques  has 
been  carried  out  and  commercial  instruments 
are  available  for  the  analysis,  £-ray  backscat- 
tering offers  a  distinct  advantage  for  this 
type  of  analysis.  Transmission  measurements 
demand  a  very  accurate  mass  density  de- 
termination (dbO.OOOl  gram/ml).  This  re- 
quires sample  thermostating.  But  0-ray 
backscattering  analysis  of  binary  com- 
pounds requires  only  a  density  accuracy  to 
rfcO.Ol  gram/ml — well  within  the  precision 
of  specific  gravity  hydrometers.  Paster  and 
simpler  analysis  with  no  sacrifice  of  pre- 
cision is  the  consequence. 

The  backscattering  method  is  also  equally 
applicable  to  continuous  plant  stream  analy- 
sis, especially  for  binary  materials  and  two- 
component  streams.  For  example,  it  can  be 
used  to  determine  the  carbon-hydrogen  ratio 
during  the  ethylation  of  benzene. 
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THEORY,   INSTRUMENTATION   AND   APPLICA- 
TIONS 

Since  the  discovery  of  radioactivity  by 
Becquerel  in  1896  a  great  volume  of  research 
work  has  been  devoted  to  the  nature  of  the 
radiation  spontaneously  emitted  in  the  proc- 
ess of  the  decay  of  unstable  nuclei  of  the 
naturally  occurring  radioisotopes.  Subse- 
quently a  large  number  of  artificial  or  "syn- 
thetic" radioisotopes,  also  emitting  these 
rays  upon  decay,  have  been  produced  by  the 
bombardment  of  stable  atoms  by  electrons, 
protons,  neutrons  and  other  projectiles  in  re- 
actors, cyclotrons,  betatrons  and  other  ac- 
celerators. It  was  demonstrated  that  the 
principal  types  of  radiations  associated  with 
radioactive  disintegrations  or  decay  are  a- 
particles  (doubly  positively  charged  He  nu- 
clei), 0-particles  (electrons)  and  7-rays  (elec- 
tromagnetic photons). 

It  is  evident  then  that  the  analysis  par- 
ticularly of  0-ray  and  7-ray  spectra  (q.v.) 
should  reveal  invaluable  information  con- 
cerning the  nuclei  of  emitting  atoms  in  terms 
of  structure,  energy  levels  and  mechanism  of 
the  spontaneous  processes  of  decay.  Such  in- 
deed has  been  the  case  in  the  development 
of  nuclear  spectroscopy.  Actually  0-ray  spec- 
troscopy  in  its  close  interrelationship  with 
7-ray  spectroscopy,  is  a  subject  of  great 
complexity.  This  fact  can  be  judged  from 
the  masterly  and  exhaustive  959  page  trea- 
tise "Beta-  and  Gamma-Ray  Spectroscopy" 
edited  by  Kai  Siegbahn,  the  distinguished 
Swedish  physicist.*  For  0-ray  spectroscopy 
the  complications  arise  (1)  from  the  emission 
of  jS-rays  from  radioactive  nuclei  as  a  pri- 
mary process;  (2)  from  conversion  processes 

*  Published  in  Holland,  1965;  distributed  by  In- 
terscience  Publishers,  N.  Y. 


in  which  7-rays  from  decaying  nuclei  or, 
along  with  x-rays,  from  external  sources  are 
absorbed  by  atoms  with  attendant  ejection 
of  so-called  photoelectrons  from  the  atomic 
shells  (K,  L,  M,  etc.  levels)  surrounding  the 
nuclei,  thereby  permitting  analysis  of  con- 
verted 7-ray  spectral  energies  from  the  en- 
ergies of  the  liberated  0-rays;  (3)  and  from 
other  intra-atomic  mechanisms  which  result 
in  liberation  of  Auger  electrons,  photo  and 
Compton  secondary  electrons,  K-capture  by 
the  nucleus  of  an  electron  in  its  own  K  or- 
bital, followed  by  emission  of  characteristic 
x-rays  when  the  vacancy  is  filled,  and  others. 
Spectroscopy  of  ft-  and  7-rays  did  not  be- 
gin until  1911,  when  it  was  found  that  0- 
radiation  from  radioactive  species  contained 
both  a  continuous  component  and  discrete 
lines.  The  existenceof  long  "series"  of  jS-lines, 
the  energy  differences  of  which  corresponded 
to  the  differences  of  the  atomic  shells  of  the 
daughter  product  led  to  the  interpretation 
that  a  series  of  photoelectrons  are  expelled 
by  monochromatic  7-  quanta  emitted  from 
the  nucleus.  More  recently,  however,  it  has 
been  theoretically  and  experimentally 
proved,  according  to  Siegbahn,  that  conver- 
sion (7  to  |8  energies)  must  be  regarded  as 
an  additional  mode  in  which  nuclei  decay. 
In  other  words  the  excited  state  of  a  nucleus 
can  be  de-excited  either  by  the  emission  of  a 
7-quantum  or  by  a  direct  interaction  with 
the  atomic  core  in  which  case  a  conversion 
electron  from  one  of  the  atomic  shells  is 
emitted.  This  conversion  phenomenon  has 
been  extremely  useful  in  the  study  of  the 
finer  details  of  radioactive  decay,  for  the 
energy  measurements  of  jS-lines  permit  calcu- 
lation of  the  corresponding  energies  of  nu- 
clear transitions,  and  the  intensities  permit 
determination  of  the  quantum-mechanical 
properties  of  different  nuclear  states.  Spin 
and  parity  changes  in  nuclear  decay  can  be 
evaluated  leading  to  the  nuclear  shell  theory, 
now  well  established,  complemented  with  the 
concept  of  collective  nuclear  motion.  In  com- 
plete analogy  with  optical  molecular  spectra, 
there  are  made  possible  rotational  and  vibra- 
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tional  levels  in  nuclei.  Instead  of  a  static  nu- 
clear field  there  must  be  a  dynamic  field 
acting  on  a  single  particle.  The  "molecular" 
aspect  of  nuclear  structure  derived  largely 
from  the  facts  of  0-  and  7-ray  spectroscopy 
is  one  of  the  most  promising  contemporary 
developments. 

Since  1934  the  continuous  0-ray  spectrum 
upon  which  the  sharp  lines  are  superimposed 
is  accounted  for  by  the  hypothesis  of  the 
neutrino  particle,  now  an  experimentally  es- 
tablished identity,  by  means  of  which  it  is 
possible  to  account  for  the  relation  between 
decay  rate  and  maximum  energy  of  0-parti- 
cles.  It  should  be  remembered  that  within  a 
nucleus  a  neutron  is  supposedly  stable  but 
outside,  after  an  average  of  18  minutes,  it 
spontaneously  ejects  a  0-ray  and  turns  into 
a  proton.  The  proton  and  electron  together 
are  1.5  electron  masses  lighter  than  the 
neutron,  and  this  mass,  equivalent  to  780,000 
electron  volts  of  energy,  is  lost  in  the  decay. 
To  account  for  the  discrepancy  Pauli  sug- 
gested that  another  particle  with  a  zero  rest 
mass  is  formed  in  the  decay  and  carries  the 
missing  energy.  Fermi  named  this  the  neu- 
trino and  constructed  a  theory  that  the 
neutron  continuously  loses  and  regains  an 
electron  and  neutrino  by  a  virtual  process 
which  becomes  real  because  the  lost  mass 
provides  the  energy. 

Beta-ray  Spectrometers 

The  experimental  work  in  ft-  and  7-ray 
spectroscopy  can  be  performed  by  means  of 
a  large  number  of  different  instruments,  but 
of  all  these  the  £-ray  spectrometer  is  the 
basic  instrument.  Combined  with  suitable 
particle  detectors,  magnetic  or  electric  fields 
of  various  stages  can  resolve  complex  nuclear 
spectra  of  particles  or  photons  (as  converted 
or  secondarily  produced  particles).  Thus  7- 
ray  spectra  (q.v.)  can  be  resolved  by  diffrac- 
tion with  a  crystal  analyzer  as  is  common 
for  x-ray  spectroscopy  (q.v.),  especially  with 
efficient  pulse  height  analyzers.  But  the 
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resolution  is  10%  compared  with  1-2%  for 
magnetic  spectrometers,  so  that  there  is  this 
advantage  in  the  conversion  electron  spec- 
tra. 

A  large  number  of  magnetic  and  electro- 
static spectrometers  have  been  designed  to 
meet  various  situations,  but  in  general  the 
effort  has  been  to  collect  as  much  as  possible 
of  the  nuclear  energy  into  the  spectrometer 
and  to  attain  the  maximum  of  energy  resolu- 
tions. As  indicated  the  spectrometers  may 
be  classified  into  magnetic  and  electrical,  de- 
pending upon  whether  a  magnetic  or  an 
electrostatic  field  is  produced  to  act  upon— 
bend  and  focus— the  stream  of  negatively 
charged  electrons.  The  former  type  far  out- 
numbers the  latter.  These  are  further 
classified  into  "flat"  spectrometers  in  which 
magnetic  lines  of  force  are  perpendicular  to 
the  electron  paths  and  thus  focus  the  beam 
in  a  circle  in  one  plane;  or  "helical"  (all  types 
of  lens  fields)  in  which  the  lines  of  force  are 
parallel  with  the  direction  of  the  electron 
paths  so  that  the  longitudinal  field  is  "space- 
focusing." 

The  basic  relationships  are  simply  de- 
scribed as  follows.  An  electron  (charge  6, 
velocity  v)  moving  in  a  homogeneous  mag- 
netic field  B  in  a  plane  perpendicular  to  the 
lines  of  force  describes  a  circular  path  with 
radius  of  curvature  p.  The  motion  is  given 
by  the  equation 


_ 

Bev  «  — 
P 


where 


ra  (the  mass  with  relativity  correction) 


'-5 


The  momentum  is  p  =  mo  =  6- J5p.  In  0-ray 
spectroscopy  the  momentum  of  the  electron 
is  expressed  by  Bp,  since  this  value  indicates 
what  magnitude  of  magnetic  field  and  appa- 
ratus dimensions  are  required  to  handle 
electrons  in  a  given  experiment.  Momentum 
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of  focused  electrons,  instead  of  energy,  is 
used  because  it  is  proportional  to  the  mag- 
netic field,  (or  the  exciting  electric  current  if 
iron  is  used),  and  not  the  energy.  In  electro- 
static spectrometers  the  energy  is  propor- 
tional to  deflecting  voltage,  but  Bp  coordi- 
nates are  still  generally  accepted.  For 
plotting  the  momentum  or  the  energy  dis- 
tribution curve  from  the  number  of  counts  P 
(Geiger,  proportional,  scintillation),  the  fol- 
lowing relations  exist. 
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Conversion  lines  with  Bp  =  KXXH5000 
are  particularly  easy  to  measure,  since  50 
keV  (kilo-electron  volts)  representing  7-ray 
or  x-ray  energy  is  equivalent  to  Bp  ~  800, 
and  500  keV  to  Bp  ~  3000.  The  most  ac- 
curate relationship  expressing  energy  in  keV 
and  momentum  in  Bp  gauss-cm,  is 


-  (510.984  db  0.016)- 
(V3442.(2 


The  first  determinations  of  energies  of  0- 
particles  by  their  deflection  in  a  magnetic 
field  were  made  in  1910  by  von  Baeyer  and 
Halm.  The  0-rays  from  a  radioactive  wire 
passed  through  a  narrow  slit  and,  after  devi- 
ation by  the  perpendicular  magnetic  field, 
were  recorded  on  a  photographic  plate.  This 
simple  device  lacking  any  focusing  of  the 


rays,  gave  the  first  evidence  of  definite  lines 
in  the  0-ray  spectrum.  In  1912  Danysz  sug- 
gested the  semi-circular  focusing  principle 
which  is  still  of  primary  importance  in  £-ray 
spectroscopy. 

Extended  details  on  design,  and  operation 
of  many  modifications  of  0-ray  spectrome- 
ters are  illustrated  in  Chapter  3  of  the 
Siegbahn  book  already  referred  to.  Typical  of 
modern  instruments  of  very  high  precision 
is  the  /3-ray  spectrum  of  Th(B  +  C  +  Cm), 
the  lines  of  which  are  now  used  for  calibra- 
tion purposes.  The  strongest  lines  are  as  fol- 
lows: 


Bp  (gauss  cm) 


Electron  Energy  (keV) 


ThA 

534.20  d=  0.06 

24.509  db  0.005 

B 

662.38  ±  0.07 
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P 

1388.44  d=  0.10 

148.08  =b  0.02 

I 

1757.07  =b  0.14 

222.22  ±  0.03 

la 

1757.07  db  0.14 

222.90  ±  0.03 

J 

1811  =fc  0.15 

234.61  d=  0.03 

L 

2607.17  =b  0.030 

422.84  =b  0.08 

X 

9986.7  db  1.5 

2526.3  =b  0.5 

Scattered  and  Characteristic  Beta  Rays 

De  Broglie  was  the  first  to  use  a  simple 
semicircular  j8-ray  spectrometer  to  measure 
the  conversion  of  x-ray  to  0-ray  energy,  and 
thus  to  provide  an  independent  means  of 
evaluation  of  electronic  energy  levels  in 
atoms. 

X-rays  impinging  upon  the  surface  of  a 
secondary  radiator  eject  photoelectrons.  If 
the  radiation  is  monochromatic  (frequency 
VQ),  then  the  kinetic  energy  of  some  of  the 
liberated  (scattered)  electrons  will  be  Ek  = 
hw  independent  of  the  secondary  radiator. 
The  electrons  are  those  so  loosely  bound  in 
the  atoms  that  the  work  required'  for  their 
removal  is  negligible.  In  addition,  however, 
other  photoelectrons  are  ejected  with  kinetic 
energies  that  depend  upon  the  particular 
kind  of  atom  from  which  they  are  liberated; 
hence,  their  removal  has  involved  a  certain 
amount  of  work  W.  If  a  beam  of  these  elec- 
trons is  analyzed  by  causing  them  to  bend 
in  a  magnetic  field,  then  all  electrons  with 
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the  same  value  of  Ek  =  hvo  —  W  will  register 
a  sharp  spectral  line  on  a  suitably  disposed 
photographic  plate.  By  means  of  these  char- 
acteristic £-ray  spectra,  De  Broglie  showed 
that  the  energy  necessary  to  eject  an  electron 
from  an  inner  atomic  shell,  which  is  involved 
in  the  correction  term  TF,  is  simply  the  quan- 
tity of  energy  representing  the  energy  levels 
K,  L,  M,  N,  etc.,  which  is  in  turn  measured 
by  the  frequency  values  of  the  critical  ab- 
sorption limits.  These  £-ray  spectra  therefore 
constitute  another  important  method  of 
measuring  energy  levels.  In  one  photograph 
for  photoelectrons  ejected  from  a  silver 
plate  irradiated  by  the  K-radiation  of  tung- 
sten (and  of  course  producing  the  secondary 
fluorescent  silver  K-radiation),  De  Broglie 
obtained  six  lines,  corresponding  to  six  differ- 
ent kinetic  energies.  He  showed  that  these 
were: 

(1)  AvAgK«-iAg  (where  LAg  is  the  energy 
required  to  remove  an  L  electron  from  the 
silver  atoms,  or 

(2) 


(3) 

(4) 

(5) 

(6) 

More  recently  Robinson  and  his  associates 
have  made  notable  contributions  to  the  field 
of  magnetic  spectra  of  secondary  electrons. 
By  means  of  greatly  improved  experimental 
methods  the  values  of  energy  levels  have 
been  determined  for  many  of  the  chemical 
elements,  including  measurement  of  absorp- 
tion limits  in  the  range  of  long  wavelengths 
in  which  the  crystal-grating  method  is  not 
practicable.  This  work  has  also  included 
measurement  of  energy  levels  in  multiply 
ionized  atoms.  Not  only  do  the  magnetic 
spectra  yield  energy  values  of  secondary 
electrons  that  are  ejected  from  inner  levels 
by  action  of  the  primary  x-rays;  the  second- 
ary fluorescent  x-rays  generated  in  the  radi- 
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ator  are  also  effective  in  liberating  electrons. 
The  process  may  be  pictured  as  follows:  a  K 
electron  is  ejected  through  the  agency  of  the 
primary  x-rays,  followed  by  the  transition  of 
an  L  electron,  for  example,  to  fill  the  va- 
cancy. Normally  a  Ka-ray  is  emitted  as  a 
consequence  of  liberation  of  energy.  How- 
ever, this  energy  so  released  can  be  trans- 
formed in  the  atom  into  forms  other  than 
the  quantum  of  radiation  (the  Auger  effect). 
For  example,  the  transition  L  — *  K  (i.e.,  from 
the  state  K  with  one  electron  missing,  to  the 
state  L)  may  lead  to  the  ejection  of  an  M 
(Auger)  electron  with  a  kinetic  energy  rep- 
resented by  the  difference  between  the  first 
energy  (L  — »  K)  and  the  work  required  to 
remove  this  M  electron  from  the  atom.  This 
work  is  greater  than  that  which  normally 
corresponds  to  the  M  level,  for  an  electron  is 
missing  from  an  inner  level  with  the  result 
that  there  is  diminished  screening  of  the 
positive  nucleus.  Therefore  the  work  of  sep- 
arating an  outer  electron  is  equal  to  that  re- 
quired normally  for  the  element  of  next 
higher  atomic  number.  Such  processes  have 
been  experimentally  verified  in  Robinson's 
work. 

Chemical  Analysis  by  the  Photoelectron 
Spectrometer 

Only  recently  has  the  photoelectron  spec- 
trometer come  into  use  for  chemical  analysis 
with  the  perfection  of  ultrathin-windowed 
Geiger  counters  for  detection.  An  instrument 
for  this  purpose,  together  with  typical  photo- 
electron  spectra  for  copper,  zinc,  silver,  gold, 
and  binary  alloys,  is  described  by  Stein- 
hardt  and  Serfass.1  From  the  spectrum  of 
an  80  atomic  per  cent  Ag-20  atomic  per  cent 
Au,  these  authors  have  obtained  a  fairly  good 
quantitative  analysis.  The  equation  used  is 
T  =  hvo  —  hv  —  WQ  ,  where  VQ  =  frequency 
of  primary,  or  exciting,  radiation,  v  —  fre- 
quency of  fluorescent  radiation  (instead  of 
characteristic  absorption),  and  WQ  =  work 
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function  of  irradiated  sample.  Thus  the 
major  Ag  peak  is  identified  as  MoKa-AgL0, 
and  others  as  MoKa-AgL0  and  MoKa-AuM. 


1.  STBINHABDT,  R.  G.  AND  SBRFASS,  E.  J.,  Anal. 
Chem.,  23,  1585  (1951);  25,  697  (1953). 

G.  L.  CLARK 
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Study  of  thermal  reactions  can  be  made 
easier  and  the  interpretation  of  results 
clearer  by  using  differential  thermal  analysis 
as  a  correlative  technique.  The  technique  can 
be  used  to  determine  the  temperatures  of  re- 
action or  transformation  and  thus  establish 
the  limits  required  for  other  studies. 

Differential  thermal  analysis  is  a  tech- 
nique by  which  phase  changes  are  detected 
as  a  sample  is  heated  or  cooled  through  the 
transition  temperature.  The  change  may  be 
in  state,  e.g.,  melting,  vaporization  or  crystal- 
lographic  phase  transition,  or  chemical,  e.g., 
decomposition,  combustion,  or  chemical  re- 
action. The  technique  may  be  used  for 
qualitative  and,  to  a  limited  degree,  quanti- 
tative analysis.  It  is  also  useful  for  estab- 
lishing phase  diagrams  and  is  a  valuable  tool 
in  forensic  chemistry.  The  method  is  specific 
for  compounds,  rather  than  for  ions  or  ele- 
ments. 

The  method  is  widely  used  in  the  earth 
sciences;  chemistry,  metallurgy  and  ceram- 
ics. The  examples  given  below  are  typical 
but  not  all-inclusive.  (1)  The  chemical  ap- 
plications of  differential  thermal  analysis  are 
varied.  Phase  diagrams  of  soaps,  phosphors 
and  salt  systems  have  been  obtained.  The 
method  is  used  for  testing  raw  materials,  for 
process  control  and  to  differentiate  organic 
isomers  or  similar  materials  such  as  starches. 
It  has  recently  been  used  to  determine  the 
activity  of  catalysts  by  measuring  the  heat 
effect  due  to  chemisorption  of  a  catalyst 
poison  gas.  (2)  Phase  transitions  in  metals 
and  alloys  are  of  great  interest  to  metallur- 


gists. Differential  thermal  analysis  as  well 
as  calorimetry  is  being  used  in  this  field.  (3) 
Ceramists  use  differential  thermal  analysis 
to  study  minerals  and  mixtures  for  raw  ma- 
terials and  to  determine  the  effect  of  firing 
processes.  The  method  has  also  been  used  to 
study  synthetic  raw  materials  for  ceramic 
production. 

Historically,  differential  thermal  analysis 
is  derived  from  the  work  of  Le  Chatelier  and 
Saladin  in  calorimetry.  Roberts-Austen  and 
Burgess  introduced  the  true  differential  tech- 
nique. The  method  was  used  first  in  metal- 
lurgy but  later  gained  wide  use  in  clay 
mineralogy  and,  more  recently,  in  chemistry 
and  other  fields. 

In  general,  the  sample  and  a  reference  ma- 
terial are  heated  or  cooled  in  close  proximity 
and  the  difference  in  temperature  between 
them  measured  or,  usually,  recorded.  This 
temperature  difference,  AT,  may  be  plotted 
directly  as  a  function  of  the  furnace,  refer- 
ence, or  sample  temperature,  or  as  a  function 
of  time  which  is  then  related  to  these.  The 
reference  material  is  one  which  undergoes  no 
phase  change  in  the  temperature  region  be- 
ing studied.  The  most  common  material  is 
calcined  aluminum  oxide. 

The  specimen  and  reference  materials  are 
usually  placed  in  separate  holes  in  a  sample 
block.  One  junction  of  a  differential  thenno* 
couple  is  placed  in  the  center  of  each  and  the 
assembly  is  placed  in  a  furnace.  The  furnace 
is  then  heated  at  a  constant  rate  through  the 
temperature  region  of  interest. 

So  long  as  no  phase  changes  occur  the 
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specimen  and  reference  are  heated  at  very 
nearly  the  same  rate  and  the  temperature 
difference  is  very  small.  When,  say,  an  endo- 
thermic  change  occurs,  the  specimen  tem- 
perature lags  behind  the  reference  tempera- 
ture because  of  the  heat  required  to  carry 
out  the  transition.  When  the  transition  is 
complete,  thermal  diffusion  brings  the  sam- 
ple back  to  equilibrium  quickly.  The  result- 
ing plot  of  AT  vs.  T  would  show,  in  a  con- 
ventional thermogram,  a  smooth  trace  with 
a  AT  of  near  zero  followed  by  a  more  or  less 
sharp  depression  and  a  subsequent  return  to 
near  zero.  An  exothermic  transition  would 
cause  an  increase  in  temperature  of  the  speci- 
men because  of  the  heat  supplied  by  the  re- 
action. The  shape  of  the  peak  or  depression 
and  the  temperature  at  which  it  occurs  are 
qualitative  aids  to  identification  of  the  re- 
acting species. 

The  equipment  must  be  designed  carefully. 
The  furnace  must  have  a  uniform  tempera- 
ture zone  large  enough  to  enclose  the  sample 
block  to  be  certain  that  the  temperature 
gradients  at  the  specimen  and  reference 
holes  will  be  the  same.  The  furnaces  are 
usually  movable,  so  that  the  specimen  and 
reference  materials  may  be  mounted  on  a 
stationary  support  and  the  furnace  moved 
horizontally  or  vertically  to  surround  the 
sample  holder. 

For  a  base  metal  alloy-wound  furnace,  a 
motor-driven  variable  autotransformer  will 
give  a  nearly  constant  heating  rate.  For 
platinum-wound  furnaces  a  programming  de- 
vice is  required  because  of  the  great  change 
of  resistance  with  temperature  of  the  plati- 
num or  platinum  alloy.  This  control  device 
could  be,  for  example,  a  cam-driven  variable 
autotransformer.  With  either  type  of  furnace 
more  elaborate  controls  may  be  used  to 
change  the  input  voltage  as  needed  to  keep 
the  furnace  heating  at  the  desired  rate.  For 
example,  if  a  strip  chart  recording  potenti- 
ometer with  a  linear  temperature  scale  is 
used,  a  second  slidewire  (linear)  may  be  put 
on  the  slidewire  shaft.  Then,  using  a  motor- 
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driven  linear  slidewire  supplied  with  the 
same  voltage,  the  signals  from  the  two  mov- 
ing contacts  may  be  compared  electronically 
and  any  difference  between  them  used  to 
advance  or  back  off  a  variable  autotrans- 
former. As  the  motor-driven  slidewire  ad- 
vances steadily,  the  autotransformer  is  ad- 
justed to  supply  the  proper  amount  of  power 
to  advance  the  temperature  at  a  constant 
rate. 

The  recording  devices  may  be  electrical  or 
optical,  or  a  combination.  The  strip  chart 
recorders,  whether  electrically  or  optically 
operated,  are  simpler  experimentally  than 
photographic  recording  and  the  record  can  be 
seen  during  the  experiment.  The  temperature 
and  temperature  difference  may  be  recorded 
on  separate  recorders  but,  more  recently,  X, 
Y-recorders  have  been  used  to  plot  AT  vs.  T 
directly  and  two  pen  instruments  record  T 
and  AT  simultaneously.  The  X,  Y,  system 
provides  a  simple  record;  the  Xi ,  Xa ,  sys- 
tem will  show  any  errors  in  the  heating  cycle. 
Multipen  recorders  have  been  used  to  record 
a  number  of  thermograms  simultaneously. 

Opinions  on  the  best  type  of  sample  holder 
are  less  than  unanimous.  Metal  blocks  pro- 
vide a  heat  sink  which  will  reduce  the  magni- 
tude of  the  difference  signal  but  they  give  low 
temperature  gradients  in  the  vicinity  of  the 
sample  and  consequently,  more  uniform 
heating.  Ceramic  blocks,  because  of  their 
lower  thermal  conductivity,  give  sharper  dif- 
ference signals  but  higher  gradients.  Small 
crucibles  are  also  used.  They  do  provide  a 
smaller  heat  sink,  but  lack  of  symmetry  with 
respect  to  the  furnace  walls  will  give  unequal 
heating.  Further,  very  thin  walls — even  in 
metal  crucibles — will  permit  sufficient  tem- 
perature differences  in  various  parts  of  the 
surface  to  diminish  the  height  and  increase 
the  width  of  the  peak  or  depression.  Metal 
crucibles  of  sufficient  wall  thickness,  properly 
placed,  give  very  sharp  phase  change  indica- 
tions. In  any  case,  a  sample  holder  must  be 
chosen  which  will  not  react  with  the  speci- 
men or  reference. 
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The  thermocouples  may  be  chromel-alumel 
for  temperatures  up  to  1000°C  or  platinum- 
rhodium  or  platinum  or  another  noble  metal 
or  alloy  for  higher  temperatures.  Platinum 
—  10%  rhodium  vs.  palladium  —40%  gold 
gives  as  high  sensitivity  as  chromel-alumel 
and  can  be  used  to  near  1500°C. 

Minor  variables  must  be  controlled  if  a 
number  of  thermograms  are  to  be  compared. 
The  particle  size,  packing  and  the  size  of  the 
thermocouple  bead,  for  example,  are  not 
usually  critical.  In  quantitative  determina- 
tions, however,  they  must  be  kept  nearly 
constant,  since  the  peak  height  or  area  will 
be  measured.  For  some  types  of  samples,  of 
course,  the  atmosphere  must  be  controlled. 
Alternatively,  the  atmosphere  may  be  con- 
trolled in  order  to  learn  the  nature  of  a  reac- 
tion, e.g.,  decomposition  of  a  carbonate  will 
occur  at  some  higher  temperature  in  an  at- 
mosphere of  carbon  dioxide. 

Differential  thermal  analysis  is  being  used 
to  a  rather  limited  degree  in  the  study  of 
high  temperature  reactions.  The  information 
obtained  can  be  correlated  with  that  ob- 
tained by  other  high  temperature  techniques 
— x-ray  diffraction,  thermogravimetric  and 
optical  analysis,  and  electrical  conductivity 
measurements. 

Recent  advances  in  furnace  design  permit 
the  trapping — or  immediate  analysis — of 
gaseous  reaction  products.  The  furnace  at- 
mosphere passes  through  the  sample  and 
out  of  the  furnace  so  that  the  atmosphere 
and  products  may  be  conducted  into  traps, 
a  gas  chromatograph,  or  a  gas  density  or 
thermal  conductivity  detector.  Combina- 
tions of  these,  with  separate  recording  facili- 
ties, have  been  used  to  determine  uniquely 
— and  immediately^-the  nature  of  the  de- 
composition indicated  by  the  differential 
thermal  analysis  apparatus. 

As  a  correlative  technique  with  high  tem- 
perature diffraction  techniques,  differential 
thermal  analysis  is  used  to  select  tempera- 
tures at  which  to  study  the  material.  Ob- 
viously, the  regions  above  and  below  each 


phase  transformation  or  reaction  would  be 
studied.  Since  these  are  located  quite  ac- 
curately, unnecessary  experiments  can  be 
avoided.  In  addition,  the  thennogram  may 
yield  useful  information  about  the  kind  of 
reaction  or  transformation  taking  place.  An 
exothermic  indication  obviously  shows  that 
the  process  is  irreversible.  A  wide  peak  or 
depression  indicates  that  the  process  is 
slow.  The  area  of  the  deflection  gives  a  meas- 
ure of  the  heat  involved. 

Similarly,  for  room  temperature  diffraction 
studies  of  high  temperature  reactions  or  tran- 
sitions, differential  thermal  analysis  will 
show  the  temperatures  to  which  samples 
should  be  heated.  Again,  it  will  indicate 
whether  or  not  the  process  is  reversible.  If 
an  exothermic  indication  is  obtained  during 
the  cooling  cycle,  the  process  is  reversible. 
In  this  case,  the  high  temperature  phase  can 
often  be  obtained  at  room  temperature  by 
quenching  the  sample,  e.g.,  in  liquid  nitro- 
gen, from  a  temperature  above  the  transi- 
tion. Here  again,  differential  thermal  anal- 
ysis is  useful  to  determine  how  well  the 
sample  was  quenched.  The  high  temperature 
form,  being  unstable,  will  revert  to  the  low 
temperature  form  at  some  temperature  be- 
low the  transition  point.  This  is,  of  course, 
an  exothermic  reaction.  If  the  hi^h  tempera- 
ture form  reverts  to  the  low  temperature 
form  at  a  temperature  not  far  below  the 
transition  point  or  if  the  heat  capacities  of 
the  two  forms  are  not  greatly  different,  a 
well-quenched  sample  will  have  an  area  un- 
der the  peak  of  about  the  same  magnitude  at 
the  area  above  the  depression  at  the  transi- 
tion point. 

For  qualitative  identification  in  spectro- 
photometric  studies,  differential  thermal 
analysis  can  be  of  aid  as  a  rapid  and  con- 
venient method  for  obtaining  melting  and 
boiling  points  as  well  as  crystallographic 
transitions. 

Phase  diagrams  may  be  obtained  quite 
readily  by  obtaining  thermograms  of  the  end 
members  and,  for  a  simple  binary  system, 
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four  to  five  mixtures.  The  mixtures  are  fused, 
cooled  and  ground  to  assure  homogeneity  or 
intimacy  of  mixing  and  the  thermogram  is 
obtained. 

Some  attempts  have  been  made  to  treat 
differential  thermal  analysis  data  mathe- 
matically. The  treatment  requires  much  in- 
dependent data.  Nevertheless,  approximate 
values  of  heats  of  reaction,  combustion  and 
vaporization  can  be  obtained  readily  by 
straightforward  calibration  techniques. 
Quantitative  analysis  is  normally  done  by 


calibration  techniques  rather  than  by  calcu- 
lation using  any  thermodynamic  quantities. 
A  discussion  of  the  theory  and  practice  of 
differential  thermal  analysis  is  given  by 
Smothers  and  Chiang  (Smothers,  W.  J.,  and 
Chiang,  Y.,  "Differential  Thermal  Anal- 
ysis" Chemical  Publishing  Co.,  Inc.,  New 
York,  1958.)  This  book  includes  a  bibliog- 
raphy as  well  as  a  list  of  nearly  three  hun- 
dred laboratories  having  differential  thermal 
analysis  equipment. 

PAUL  D.  GARN 
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BASIC  THEORY  AND  INSTRUMENTATION 

The  electron,  like  the  proton  (see  Nuclear 
Magnetic  Resonance)  is  a  charged  particle; 
it  spins  and  hence  has  a  magnetic  field.  But 
it  spins  much  faster  than  protons  (or  other 
nuclei)  and  so  has  a  much  stronger  magnetic 
field  than  they.  The  electron  has  magnetic 
resonance,  discovered  by  a  Soviet  physicist, 
E;  K  Zavoisky,  in  1944  before  Purcell  and 
Block  announced  nuclear  magnetic  resonance 
in  1946;  but  being  a  stronger  magnet  and 
much  lighter  than  a  proton,  it  precesses  much 
more  rapidly  in  a  given  magnetic  field. 
Whereas  the  proton  is  probed  with  radio 
waves  in  the  range  of  a  few  megacycles  per 
second,  for  electrons  the  frequencies  em- 
ployed are  in  the  microwave  range,  around 
10,000  megacycles  per  second.  Thus  when 
microwaves  travel  down  a  rectangular  wave- 
guide they  produce  a  rotating  magnetic  field 
at  any  fixed  point,  which  can  serve  to  flip 
over  electron  magnets  in  matter,  just  as  a 
rotating  field  in  a  coil  flips  protons. 

The  experimenter  may  place  the  sample 
on  a  side  wall  of  the  waveguide,  turn  on  the 
microwave  radiation  and  apply  an  external 
magnetic  field  to  make  the  electrons  precess. 
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When  the  precession  rate  reaches  the  reso- 
nance value  and  the  electrons  flip,  they  ex- 
tract energy  from  the  microwaves  and  the 
reading  on  a  receiver  at  the  end  of  the  tube 
dips  accordingly. 

A  simplified  block  diagram  is  given  in  Fig. 
1.  If  the  electron  has  not  only  an  intrinsic 
magnetic  moment  along  its  own  spin  axis  but 
also  one  associated  with  its  circulation  in  an 
atomic  orbit,  the  electron  will  possess  a  total 
magnetic  moment  equal  to  the  vector  sum 
of  these  magnetic  moments.  The  ratio  of  the 
total  magnetic  moment  to  the  spin  value  is  a 
constant  for  a  given  atom  in  a  given  en- 
vironment, and  is  called  the  gyromagnetic 
ratio  or  spectroscopic  splitting  factor  for  that 
particular  electron.  The  fact  that  these  ratios 
differ  for  various  atoms  and  environments 
and  the  fact  that  local  magnetic  fields  de- 
pend on  the  structure  of  matter  permit  the 
spectrd  separation  and  EPR  spectroscopy,  a 
companion  to  NMR  spectroscopy. 

Not  all  atoms  and  molecules  are  suscepti- 
ble to  this  technique,  for  in  substances  in 
which  electrons  are  all  paired  the  electrons' 
magnetism  is  neutralized.  But  for  unpaired 
electrons — or  where  there  must  be  a  resultant 
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CONNECTING 
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4.  RESONANT     CAVITY 

WITH  HOLE   FOR  - 

INSERTION  OF  SAMPLE 


FIG.  1.  Block  diagram  of  electron  paramagnetic  resonance  spectrometer. 

1.  An  electromagnet  in  which  the  homogeneous  gap  field  H  can  be  swept  continuously  from  near 
zero  to  over  5,000  gauss, 

2.  A  sweep  generator  for  producing  a  small  modulation  of  the  main  field  H  at  the  center  of  the  air  gap. 

3.  A  stable  microwave  oscillator  (for  example,  a  klystron)  supplying  R-F  energy  at  a  frequency  of 
10,000  megacycles  per  second  to 

4.  A  sample  cavity  resonating  at  the  klystron  frequency. 

5.  A  bolometer  or  crystal  detector  for  demodulating  the  microwave  power  reflected  from  the  sample 
cavity. 

6.  An  audio  amplifier,  and  a  phase-sensitive  detector  for  conversion  of  the  detected  audio  signals 
into  low-noise  d.c.  signals  for  display  on 

7.  A  graphic  recorder. 


electronic  magnetic  moment — electron  reso- 
nance can  be  observed.  Such  effects  then  may 
be  observed  for  electrons  in  unfilled  conduc- 
tion bands,  transition  element  (Mn,  Fe,  Co, 
Ni,  etc.)  ions,  odd  molecules,  free  radicals, 
biradicals,  color  centers,  radiation  damage 
sites,  impurities  in  semiconductors  such  as 
barium  titanate,  and  triplet  electronic  states. 
As  might  be  expected,  applications  in  the 
field  of  biology  are  particularly  fruitful. 
These  are  discussed  in  the  following  article, 
together  with  a  pertinent  bibliography. 

G.  L.  CIAEK 

BIOLOGICAL  APPLICATIONS 

For  an  introduction  to  the  techniques  of 
Electron  Paramagnetic  Resonance  (EPR) 
Spectroscopy,  the  author  recommends  the 
book  by  E.  R.  Andrew1  on  nuclear  magnetic 
resonance  and  two  review  articles:  one  by 
J.  Wertz2  written  for  the  chemist  and  one  by 


G.  E.  Pake8  written  for  the  physicist.  These 
are  both  excellent  articles  and  together  give 
a  complete  coverage  of  the  field.  In  addition 
to  these,  the  series  of  articles  and  examples 
appearing  in  the  Technical  Information  Bul- 
letins4 of  Varian  Associates,  particularly 
those  in  Volume  2  which  are  written  more  for 
the  laymen,  are  strongly  recommended. 

Unfortunately  not  all  atoms  and  molecules 
of  interest  are  susceptible  to  study  by  this 
new  technique.  They  must  exhibit  a  resultant 
electronic  magnetic  moment.  Of  these,  there 
are  four  classes  of  compounds  that  are  of 
particular  biological  interest:  (a)  odd  mole- 
cules and  free  radicals,  (b)  biradicals,  (c)  trip- 
let electronic  states,  and  (d)  transition  ele- 
ment ions.  The  first  three  classes  might  well 
be  expected  to  occur  biologically  in  (a)  uni- 
valent  redox  reactions,  (b)  enzymatic  oxida- 
tions (dehydrogenations)  land  (c)  carcino- 
genesis. 

For  the  past  quarter  of  a  century,  the  idea 
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has  been  current  that  free  radicals  may  par- 
ticipate in  biological  processes.  As  far  back 
as  1931,  Haber  and  Wlllstatter6  proposed 
that  a  great  majority  of  enzymatic  dehydro- 
genations  involved  free  radical  intermediates. 
In  reviewing  the  history  of  this  one-electron 
transfer  hypothesis  in  biological  oxidations, 
it  is  of  interest  to  note  that  most  of  the  reac- 
tants  in  the  metabolic  redox  systems  are  even 
molecules,  that  is,  all  electrons  occur  in  pairs. 
It  certainly  is  within  reason  to  expect  then 
that  all  electron  transfers  among  these 
molecules  would  occur  in  pairs;  however, 
there  exist  several  instances  where  the  chain 
of  electron  transport  has  as  one  of  its 
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a  substance,  such  as  cytochrome,  which  can 
transfer  but  one  electron  under  oxidation  or 
reduction.  These  substances  are  the  metallo- 
organics.  Clearly  then,  there  must  exist  cer- 
tain molecules  which  proceed  in  their  two 
electron  transfer  by  one-electron  steps.  It  is 
at  this  juncture  in  biochemistry  that  Mi- 
chaelis  made  his  now  famous  proposal  "that 
all  oxidations  of  organic  molecules,  although 
they  are  bivalent,  proceed  in  two  successive 
univalent  steps,  the  intermediate  state  being 
a  free  radical."6  Perhaps  for  the  sake  of  rigor 
one  should  understand  the  term  "odd  mole- 
cule" here,  rather  than  "free  radical,"  but  in 
either  event  the  implication  is  clear. 

The  validity  of  this  proposal  is  subject  to 
experiment,  and  it  is  to  Michaelis'  credit  that 
he  supported  it  experimentally  as  well  as  he 
did.  Unfortunately,  until  the  advent  of  elec- 
tron paramagnetic  resonance,  the  only  re- 
course was  to  static  susceptibility  measure- 
ments which  at  their  best  could  detect  no  less 
than  10~6  moles.  (Recently  Brill  at  the  Uni- 
versity of  Pennsylvania  perfected  a  static 
balance  capable  of  detecting  10~7  molar  solu- 
tions of  paramagnetic  molecules.)  Whereas 
some  occasional  studies,  such  as  those  of 
Pauling,  Coryell,  et  aL?  on  the  magnetic  sus- 
ceptibility of  hemoglobin,  have  been  of  great 
value,  little  has  been  accomplished  in  check- 
ing Michaelis'  assumption  due  to  this  low 
sensitivity.  E-P-R  has  aided  by  increased 
sensitivity  in  many  cases,  and  has  made  a 
much  greater  contribution  by  distinguishing 
among  paramagnetic  ions,  odd  molecules  and 
free  radicals. 

Much  work  has  been  performed  with 
E-P-R  on  the  non-enzymatic  oxidation  re- 
ductions of  the  simpler  biologically  occurring 
quinone  and  quinoid  compounds,9  and  it  may 
be  concluded  that  these  compounds  pass 
through  two  successive  one-electron  transfer 
processes  on  their  way  to  the  fjpfl.1  state. 
Furthermore  the  lifetime  of  the  paramag- 
netic semiquinone  radical  is  dependent  upon 
the  isomeric  form  in  agreement  with  ob- 
served differences  in  the  oxidation  potentials, 
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and  also  upon  the  pH  of  the  solution  (the 
free  radical  produced  by  dehydrogenation  of 
the  hydroxyl  group  is  stabilized  in  alkaline 
solution,  while  that  from  dehydrogenation 
of  the  amino  group  is  stabilized  in  acid  solu- 
tion). A  partial  list  of  the  compounds  yield- 
ing observable  free  radical  concentrations  is 
given  in  Table  1. 

At  this  point,  the  question  of  polymeriza- 
tion arises.  If  the  lifetime  of  the  free  radical 
intermediate  is  sufficiently  short,  the  proba- 
bility of  a  given  polymeric  reaction  is  quite 
small.  This  can  be  seen  by  studying  the  para- 
benzoquinone  redox  reaction  shown  in  Figure 
1.  At  pH  7  no  polymeric  side  product  is  de- 
tectable but  at  pH  8  a  color  change  belies 
these  side  reactions  and  at  pE  9  a  dark  brown 
precipitate  appears  which  is  very  similar  to 
the  melanin  pigments.  It  is  to  be  noted  that 
it  is  in  this  pH  range  that  the  quinhydrone 
electrode  ceases  to  be  useful. 

The  control  of  such  free  radical  reactions 
by  a  biological  system  may  thus  be  per- 
formed by  both  pH  and  antioxidants.  The 
role  of  antioxidants  is  a  subject  in  itself,  and 
their  activity  in  biological  systems  is  of  even 
more  interest  because  of  the  problem  of  radi- 
ation damage.  The  antithesis  of  this  effect  is 
produced  by  radiosensitizers  which  are  good 
oxidants;  e.g.,  02 ,  quinones,  et  cetera.  Fur- 
thermore, those  organics  that  form  active 
free  radicals  upon  reduction  are  particularly 
good  as  sensitizers,  suggesting  the  role  of 
free  radicals  in  radiation  damage.  The  ex- 
periments to  verify  this  latter  role  are  few; 
however,  considerable  effort  is  currently  be- 
ing devoted  toward  this  end,  and  the  results 
will  be  of  great  interest.  At  the  present  the 
author  is  aware  of  only  one  experiment  which 
demonstrates  free  radical  production  as  a 
secondary  process  in  radiation  damage: 
lQr*M  riboflavin  was  reduced  by  ethyl  alco- 
hol radicals  formed  by  reaction  with  OH  and 
H  radicals  produced  by  650  kv  X-rays  on  the 
water,  3  %  alcohol,  riboflavin  mixture.  Ex- 
periments such  as  those  reported  by  Gordy 
et  oL,10  if  carried  to  a  proper  conclusion,  may 


offer  support  here  also,  In  regard  to  anti- 
oxidants, one  notes  that  they  often  operate 
by  forming  dimers,  thus  reducing  the  free 
radical  concentration  by  two  with  each  di- 
mer;  e.g.,  cysteine  (a  sulfhydril)  going  to 
cystine  (a  disulfide).  An  excellent  monitor  of 
antioxidant  level  may  be  obtained  by  titrat- 
ing against  a  standard  free  radical  solution 
and  using  E-P-R  as  a  detector.  Blois11  has 
had  excellent  success  using  optical  absorption 
of  such  solutions  as  a  quantitative  measure  of 
reduced  free  radical  and  hence  antioxidant 
concentration.  It  is  interesting  to  note  that 
such  measures  may  prove  to  be  unique  radi- 
ation dosage  monitors.  More  research  needs 
to  be  done  on  the  clinical  applications  of 
E-P-R  than  is  being  done  at  the  present 
time. 

The  sensitivity  of  E-P-R  makes  possible 
the  observation  of  free  radical  intermediates 
in  vivo.  This  has  far-reaching  implications; 
however,  experiment  is  slow,  largely  due  to 
the  need  for  technological  developments 
along  the  way.  Toward  this  end  the  first  ex- 
periments were  those  of  Commoner  et  oZ.12 
with  lyophilized  samples.  Signals  were  ob- 
tained for  a  great  variety  of  samples  includ- 
ing yeast,  blood,  rabbit  organs,  germinated 
digitalis  seeds  and  barley  leaves.  As  is  often 
the  case  with  preliminary  work,  many  of  the 
signals  were  false  in  the  sense  that  they  were 
due  to  paramagnetic  ions  or  physical  damage 
due  to  freeze  drying  and  not  to  metabolically 
active  free  radicals.18  Nevertheless,  the  sim- 
ple fact  that  signals  were  observed  was  suffi- 
cient to  stimulate  further  effort,  and  some 
beautiful  results  have  been  forthcoming. 
Before  discussing  these,  it  is  perhaps  well  to 
give  an  example  of  the  possible  damage  that 
can  result  from  freeze  drying.  The  spectrum 
recorded  from  whole  human  blood  is  repro- 
duced in  the  Varian  Associates',  (Palo  Alto, 
California)  "E-P-R  At  Work,"  #9  of  a 
Series;  this  reveals  the  partial  conversion 
of  hemoglobin  to  methemoglobin  and  the 
physical  damage  to  both  molecules  by  the 
lyophilization.  In  addition  one  records  a  free 
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radical  signal  apparently  associated  with  the 
snapping  open  of  the  porphyrin  ring  struc- 
tures of  the  hemoglobins. 

One  of  the  most  intriguing  biochemical 
processes  is  that  of  photosynthesis — the  con- 
version of  photo-energy  to  chemical  energy. 
Since  this  process  clearly  involves  oxidation- 
reduction  steps,  it  is  possible  that  E-P-R  may 
help  answer  some  of  the  questions.  The  ques- 
tion of  greatest  concern  is  whether  the  initial 
molecule  is  an  excited  one  or  a  free  radical 
or  an  ionized  species  and  whether  the 
process  is  a  single  or  multiple  quantum  one. 
Calvin  and  Sogo14  and  Commoner  et  al16 
made  preliminary  E-P-R  studies  on  the 
chlorophyll  system.  Light  sensitive  signals 
were  observed.  In  attempts  to  identify  the 
source  of  the  E-P-R  signal,  Sogo,  Pon  and 
Calvin16  and  Tollin  and  Calvin17  have  re- 
ported some  excellent  work.  They  have 
shown  by  kinetic  studies  under  various  con- 
ditions of  sample  preparation  and  tempera- 
ture, that  the  initial  specie  responsible  for  the 
magnetic  resonance  is  not  likely  to  be  either 
a  triplet  state  of  chlorophyll  or  a  free  radical 
intermediate  in  the  following  chain  of  en- 
zyme reactions.  It  is  most  likely  a  trapped 
electron  residing  on  the  chlorophyll  molecule 
which  renders  this  molecule  a  semiconductor 
of  sorts.  This  is  consistent  with  previous  as- 
sertions by  Bradley  and  Calvin18  and  inde- 
pendently by  Katz  that  a  semiconductor 
state  is  probable.  More  work  of  this  quality 
is  needed. 

One  may  review  also  the  progress  made  in 
examining  enzymatic  oxidation-reduction  re- 
actions. Again  free  radicals  have  been  ob- 
served, first  by  Beinert19  and  then  by  Com- 
moner et  oZ.15  and  Ehrenberg  and  Ludwig.20 
However,  as  shown  by  Beinert,  the  kinetic 
studies  indicate  that  the  observed  signals  are 
not  associated  with  the  primary  enzyme-sub- 
strate reaction  and  may  offer  only  secondary 
information.  Much  careful  work  is  required 
here  to  clarify  the  situation. 

The  whole  problem  of  carcinogenesis  is 
still  open  for  study.  In  an  attempt  to  corre- 
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late  the  action  of  such  a  variety  of  carcino- 
genic agents  as  sodium  hydroxide,  UV  and 
ionizing  radiations  and  thousands  of  organic 
compounds,  a  free  radical  intermediate  al- 
ways suggests  itself.  Smog  studies  and  re- 
cent work  by  Lyons  et  al?1  point  up  the  high 
active  radical  content  of  soot  and  tobacco 
smoke  and  their  possible  connections  with 
lung  cancer. 

In  summary  one  may  say  that  free  radi- 
cals have  been  implicated  in  (a)  biological 
oxidation-reduction  reactions,  (b)  radiation 
damage  and  photosynthesis,  (c)  carcino- 
genesis. 

Electron  paramagnetic  resonance  has 
brought  sufficient  sensitivity  and  discrimina- 
tion to  observe  free  radical  intermediates 
in  vivo;  however,  present  results  are  of  a  pre- 
liminary nature  and  the  validity  of  certain 
published  conclusions  is  subject  to  more 
careful  study.  Much  work  remains,  and 
E-P-R  will  serve  as  a  unique  and  powerful 
tool  in  such  investigations. 
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ACCURACY  IN  SPECTROCHEMICAL  ANALYSIS* 

Abstract.  Accuracy  is  one  of  the  broad 
areas  of  spectrochemical  analysis  where  im- 
provement by  an  order  of  magnitude  would 
result  in  vast  new  fields  of  application.  This 
article  discusses  the  subject  under  the  topics 
of  sampling,  the  source,  electrodes,  the  spec- 
trograph,  photometry  and  calculations.  New 
techniques  for  reducing  variables  will  be  dis- 
cussed. These  include  optics  for  reducing  the 
effects  of  arc  wandering,  the  Elpac  for  repro- 
ducible mechanical  packing  of  powders  into 
electrodes,  devices  for  mechanically  travers- 
ing a  flat  sample  during  sparking,  the  Stall- 
wood  jet  and  the  enclosed  arc  chamber  for 
controlled  atmosphere  excitation  of  samples. 

Introduction.  Many  potential  applica- 
tions of  spectrographic  analysis  lie  dormant 
simply  because  present  day  accuracy  is  not 
good  enough.  Not  only  is  this  true  in  in- 
dustry where  improved  accuracy  would 
mean  superior  quality  control  as  well  as 
savings  in  money,  but  in  biology  and  medi- 

*  Abridged  version  of  article  in  Applied  Spec- 
troscopy, 13,  86  (1969).  By  permission. 


cine  better  accuracy  could  result  in  a  new 
diagnostic  tool  to  tell  the  researcher  why 
nature  goes  wrong. 

Sampling.  The  scapegoat  of  all  analytical 
techniques  is  sampling.  After  a  sample  is 
consumed,  no  one  can  argue  that  it  once 
truly  represented  the  average  composition  of 
the  material  being  analyzed.  The  reader  is 
referred  to  an  excellent  treatise  on  the  sub- 
ject (Ref.  1,  p.  51)  which  discusses  the  reduc- 
tion of  a  production  batch  to  a  laboratory  size 
sample.  The  spectrographic  problem  really 
begins  at  this  point,  however,  because  the 
spectrograph  "sees"  only  a  few  milligrams  of 
the  actual  sample  and  any  segregation  what- 
soever is  greatly  magnified. 

One  method  of  trimming  segregation  ef- 
fects in  point-to-plane  techniques  is  that 
of  taking  multiple,  superimposed  exposures 
at  different  places  along  the  sample.  An- 
other, and  one  that  is  readily  automated,  is 
to  move  the  sample  slowly  and  uniformly 
during  the  sparking.  Hurwitz2'  *  showed  how 
traversing  segregates  aids  in  obtaining  a 
true  determination  and,  further,  that  certain 
elements,  which  ordinarily  spark  off  at  the 
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TABLE  1.  SPBCTEOCHBMICAL  ANALYSIS  OF  CAST 

IBON 
Deviation  from  Wet  Chemical  Values,  % 


Element 

Single 
Determination 

Sweep 
Method 

Four 
Superimposed 
Spectra 

Mo 

5 

3 

2 

Cr 

6 

3 

2 

Ni 

4 

2 

1 

Mn 

5 

4 

3 

Si 

13 

4 

5 

beginning  of  the  exposure,  have  a  constant 
intensity  with  time  when  new  areas  of  the 
sample  are  continuously  being  sparked.  He 
cited4  Al  and  Mg  determinations  in  zinc-base 
alloys.  Ordinarily,  spectral  line  intensity  of 
these  elements  drops  sharply  after  the  first 
few  seconds,  but  by  using  a  moving  speci- 
men, the  sparking-off  effect  is  removed. 
Improved  results  were  confirmed  in  the 
analysis  of  cast  irons  by  Clark8  who  moved 
the  sample  linearly  during  the  sparking  so 
that  the  sparked  area  was  equivalent  to 
eight  stationary  burnings.  As  shown  in 
Table  1,  the  technique  aids  markedly  in 
matching  spectrographic  with  wet  chemical 
determinations. 

Similar  results  with  the  moving  sample 
technique  were  also  observed  by  Eckhard 
and  Koch.19  Using  a  high  voltage  a.c.  arc 
source  they  found  that  moving  the  sample 
increased  the  reproducibility  of  the  analysis 
and  at  the  same  time  enhanced  sensitivity 
to  certain  trace  elements  in  steel. 

To  take  advantage  of  the  sweep  technique, 
a  Petrey  Stand  with  a  slowly  rotating  table 
is  manufactured  by  Spex  Industries.  The 
speed  of  traverse  is  determined  by  the  choice 
of  motor  but  about  90°  per  30  seconds— the 
normal  sparking  time — is  suggested. 

For  powders  the  sampling  problem  has  a 
number  of  aspects  often  overlooked:  particle 
size  differences,  adsorption  and  absorption 
of  water  vapor  and  atmospheric  gases,  pack- 
ing of  the  powder  into  the  electrode,  to 
name  a  few.  Recognizing  these  problems, 
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Tingle  and  Matocha,6  converted  a  method 
normally  considered  but  semi-quantitative 
into  one  with  quantitative  accuracy.  Their 
technique  involves  fusion  of  samples  with 
lithium  borate  serving  to  homogenize  the 
sample  and  convert  it  to  a  common  matrix 
simultaneously.  The  sample  thus  treated  is 
ground  and  screened  so  that  only  a  selec- 
tively chosen  particle  range  is  used  in  the 
analysis. 

Feldman20  has  recommended  fusion  with 
ammonium  bisulf  ate  to  accomplish  the  same 
purpose.  This  reagent  possesses  the  addi- 
tional advantage  for  trace  analysis  that  the 
excess  reagent  can  be  removed  by  evapora- 
tion on  a  hot  plate  at  a  relatively  low  tem- 
perature. 

Packing  electrodes  is  a  problem  neatly 
handled  with  the  Elpac,  a  new  machine 
which  automatically  tamps  craters  full.  An 
excess  of  the  material  is  placed  in  a  dispos- 
able polyethylene  funnel  perched  snugly 
around  the  nee.1  of  the  electrode.  A  tamper 
is  lowered  into  position  and  a  fixed  vibration 
packs  the  crater  in  a  few  seconds. 

Both  uniformity  and  tight  packing  are 
achieved  with  the  instrument.  In  three  out 
of  four  typical  samples,  the  amount  of  ma- 
terial packed  is  reproduced  within  around 
1  %.  Furthermore,  the  amount  packed  aver- 
ages around  60%  more  than  that  obtained 
by  hand  packing. 

The  Source.  Spark  sources  have  been 
improved  steadily  in  recent  years.  The  use 
of  an  air  blast  at  the  auxiliary  gap  helps 
stabilize  the  spark.  Controls  of  the  auxiliary 
gap  spacing  and  oscilloscopic  observation  of 
rate  of  discharge  of  the  spark  are  helpful  in 
reducing  variables.  Superior  materials  and 
shapes  of  the  auxiliary  gap  electrodes  also 
aid  in  maintaining  spark  stability.  While  too 
new  to  evaluate,  the  Bardocz  electronically 
controlled  spark8  appears  promising. 

Feldman  and  Ellenburg  have  formulated 
a  procedure9  by  which,  they  claim,  optimum 
reproducibility  is  obtained  from  their  spark 
source: 
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1)  Auxiliary  gap  opened  to  10  mm  or 
wider. 

2)  Autotransf ormer  in  primary  circuit  set 
at  zero. 

3)  Source  turned  on. 

4)  Autotransformer  adjusted  to  give  a 
predetermined  voltage  across  its  variable 
arm. 

5)  Auxiliary    gap    narrowed    until    one 
breakdown  occurred  on  each  half  cycle. 

6)  Autotransformer  adjusted  to  give  the 
desired  number  of  breaks  per  half  cycle. 

Variables  such  as  cleanliness,  smoothness, 
and  shape  of  the  auxiliary  electrodes,  as  well 
as  resistivity  of  the  ambient  atmosphere 
which  is  temperature  and  humidity  depend- 
ent, are  avoided  by  using  this  procedure.  In 
the  opinion  of  the  authors,  it  aids  in  repro- 
ducing the  curve  of  current  vs.  time  from 
one  discharge  to  the  next. 

Attempts  have  been  made  to  couple  the 
advantages  of  the  spark's  stability  with  the 
arc's  sensitivity  and  such  hybrid  sources 
may  now  be  obtained  commercially.  In  pure 
arcs — still  the  sources  of  highest  sensitivity 
— several  new  developments  are  notable. 
The  constant  current  dc  arc  is  one.  Through 
electronic  control,  the  dc  arc  may  be  main- 
tained within  a  few  percent.  Since  the  drift 
of  an  arc  as  the  sample  is  consumed  and  the 
gap  widens  may  amount  to  100  %,  a  constant 
current  dc  arc  should  result  in  superior  over- 
all accuracy.  A  commercial  source  is  not  yet 
available  in  the  U.  S.  A.,  but  three  spectrog- 
raphers  have  independently  built  such  units. 
They  are  L.  E.  Owen10  of  Goodyear  Atomic 
Corporation,  E.  Ziemendorf  (unpublished) 
of  the  Carborundum  Company  in  Niagara 
Falls  and  D.  0.  Landon  (unpublished)  of 
Spex  Industries.  Incidentally,  a  bonus  gotten 
with  the  constant  current  dc  arc  is  poten- 
tiometer control  of  the  current  instead  of  the 
cumbersome  motor-driven  heavy  iron  core 
reactor.  The  pot  permits  accurate  settings 
before  a  run  is  made  and  rapid  changes  in 
current  without  overshooting. 

The  a.c.  arc,  although  convenient  to  use  in 


point-to-plane  technique,  is  known  to  give 
poor  reproducibility  with  some  electrode 
materials  owing  to  the  persistence  of  a  glow 
discharge  for  an  appreciable  (but  uncon- 
trollable) fraction  of  every  half  cycle.  This 
difficulty  is  largely  prevented  by  use  of  a 
spark-triggered  or  thyratron-triggereda.c.  arc 
source. 

Over  the  years,  there  have  been  many 
attempts  to  tame  the  dc  arc  through  the  use 
of  external  contrivances.  Magnets  have  been 
used  both  to  constrain  the  arc  column  and 
to  rotate  it  at  fixed  speed.  Gas  jets,  double 
arcs,  center-post  electrodes  are  still  other 
innovations  aimed  at  tranquilizing  the  easily 
excitable  arc. 

In  the  Stallwood  jetu  now  used  in 
dozens  of  laboratories,  an  annular  curtain  of 
gas  is  blown  upwards  around  the  arc  column 
to  restrain  arc  wander.  Compressed  air  may 
be  used  but,  to  achieve  the  added  benefit  of 
increased  sensitivity  and  suppression  of 
cyanogen  bands,  mixtures  of  argon  and  oxy- 
gen (30  to  50%  of  the  latter)  are  recom- 
mended. 

Improvement  in  accuracy  through  the  use 
of  the  Stallwood  jet  has  been  confirmed  by 
a  number  of  spectrographers  since  the  origi- 
nal article  was  written  in  1954.  Joensuu,12 
describing  its  use  in  the  analysis  of  rare 
earths  on  a  routine  basis,  cites  the  additional 
advantage  that  fumes  are  blown  out  con- 
tinuously so  there  is  less  self-absorption.  The 
spectrograms  dramatically  illustrate  the  im- 
provement in  line-to-background  ratio  espe- 
cially in  the  region  of  the  CN  bands. 

Other  major  advantages  of  the  Stallwood 
jet  are  reduction  of  matrix  effects  and  pre- 
vention of  selective  volatilization  of  low 
boiling  elements.  This  is  accomplished 
through  the  use  of  deep  crater  electrodes  in 
which  successive  layers  of  sample  are  burned 
away  while  lower  layers  remain  cool.  The 
electrode  is  placed  so  that  it  protrudes  by 
1-2  TYITYI  above  the  jet  housing.  As  it  is  con- 
sumed in  the  arc,  a  rod  is  used  to  push  it 
upwards  through  the  hollow  stud. 
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Inert  gas  atmospheres  have  been  the  sub- 
ject of  numerous  papers  and  the  general 
opinion  seems  to  be  that  decided  improve- 
ment in  accuracy  and  sensitivity  may  often 
be  achieved.  The  reader  is  referred  to  the 
article  by  Thiers  and  Vallee18  for  detailed 
information.  A  recent  article  by  Hammaker 
and  associates14  illustrated  the  advantages  of 
using  an  atmosphere  of  argon-oxygen  in  sup- 
pressing the  cyanogen  band  intensities.  From 
the  viewpoint  of  accuracy,  the  result  is  to 
remove  background  almost  completely  from 
behind  many  sensitive  spectral  lines  and  so 
permit  their  use  without  having  to  make 
inaccurate  background  corrections. 

Fry  and  Schreiber  demonstrated  how 
analytical  accuracy  could  be  improved  when 
miscellaneous  samples  of  steel  are  run  by  the 
use  of  an  air  blast18  directed  at  the  spark  gap. 
Variations  in  chemical  composition,  physical 
size  and  shape,  and  metallurgical  history 
affect  the  analytical  curves  less  when  an  air 
blast  is  used. 

Electrodes.  An  unpublished  report  by 
S.  R.  Wiley  illustrated  how  precision  could 
be  materially  improved  step-wise  by  going 
from  Y^  to  He"  to  W  diameter  electrodes. 
With  his  Wadsworth  Spectrograph  cylindri- 
cal optics  were  used  so  that  the  arc  column 
was  focused  at  the  slit  in  the  horizontal 
plane.  Accordingly,  wandering  of  the  arc  off 
axis  caused  large  changes  in  the  intensity  of 
the  slit.  By  restricting  the  wander  with  a 
narrow  electrode,  this  effecw  was  strikingly 
reduced. 

While  discussing  electrodes,  the  subject  of 
physical  properties  of  graphite  should  be 
considered.  Taking  the  electrode  for  granted, 
the  spectrographer  does  not  often  question 
their  uniformity  from  one  to  the  next.  Yet 
W.  R.  Kennedy,16  discovered  some  surpris- 
ing differences.  Using  eight  types  of  graphite 
rods  of  American  and  foreign  manufacture, 
he  sparked  the  same  sample  of  cast  iron  nine 
times  with  each  rod,  machining  it  after  every 
exposure  to  a  hemispherical  tip  of  30°.  Co- 
efficient of  variation  for  Si  and  Mn  determi- 
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nations  varied  from  1.50  to  3.90  %,  and  from 
1.54  to  3.02%  respectively. 

The  shape  of  an  electrode  is,  as  can  be 
judged  from  the  tremendous  number  of  pre- 
forms now  available,  meaningful  in  attain- 
ing high  accuracy.  Selective  volatilization  is, 
for  example,  very  directly  related  to  accu- 
racy. If  one  were  running  a  sample  for  mag- 
nesium and  tungsten  in  a  conventional 
undercut  electrode,  magnesium  would  volatil- 
ize out  during  the  first  few  seconds  of  arc- 
ing, tungsten  during  the  last  few.  Using  such 
electrodes,  the  determinations  of  these  ele- 
ments is  thus  subject  to  inherent  errors.  In 
addition,  refractory  elements  often  wind  up 
as  beads  which  drop  out  of  the  cup  before 
they  are  completely  consumed.  For  the  de- 
termination of  many  elements  of  varying 
volatilization  rates,  Landon17  found  that  a 
very  deep  (J£*)  crater  in  a  narrow  thin- 
walled  electrode  produced  similar  burn-off 
curves  for  many  elements  of  varying  volatil- 
ity. As  already  mentioned,  Stallwood11  used 
deep,  narrow  electrodes  with  his  jet  to  reduce 
selective  volatilization  and,  consequently, 
matrix  effects. 

An  interesting  new  shape  capable  of  hold- 
ing an  oxide  bead  until  it  is  burnt  to  com- 
pletion has  been  described  by  Slavin.21  His 
modification  is  obtained  from  a  conventional 
cup  electrode  by  drilling  a  sharp  conical  hole 
in  the  center  of  the  cup,  into  which  the  oxide 
bead  recedes  as  the  walls  of  the  electrode 
burn  down. 

Weather.  Spectrographers,  too,  are  both- 
ered by  weather's  unpredictability,  as  wit- 
nessed by  the  fact  that  so  many  laboratories 
are  air-conditioned.  In  practice,  however, 
while  it  is  well  known  that  temperature, 
pressure  and  humidity  variations  are  factors 
influencing  spectrochemical  results,  air-con- 
ditioning usually  means  temperature  control 
only. 

One  effect  of  weather  variations  is  on  a 
spark  source,  and  this  has  already  been 
mentioned.  The  main  effect  of  temperature 
variation  on  the  spectrograph  is  to  defocus 
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it  to  a  degree  which,  though  visually  unde- 
tectable,  may  be  enough  to  change  the  line 
widths  and,  consequently,  their  density. 
Here,  temperature  gradients  are  particularly 
troublesome  because,  by  heating  parts  un- 
equally, they  affect  different  regions  on  the 
plate  unequally.  The  slit  and  optical  com- 
ponents may  also  distort  to  give  rise  to 
changes  in  line  density.  Apart  from  the 
spectrograph  proper,  temperature  variations 
change  the  sensitivity  of  photographic  emul- 
sions and  the  parameters  of  electronic 
components  in  the  source  unit  and  the 
microphotometer.  Humidity  affects  the  sen- 
sitivity of  photographic  emulsions,  too,  not 
only  by  disturbing  the  formation  rate  of  the 
latent  image  but  also  by  absorbing  radiation 
at  the  shorter  wavelengths. 

Optics.  Considered  a  permanent  fixture 
aligned,  tested  and  sealed  by  the  manufac- 
turer, the  optical  system  is  ignored  by  spec- 
trographers.  Periodic  checking  is,  neverthe- 
less, recommended  to  avoid  needless  loss  of 
precision.  Improperly  aligned  external  and 
internal  optics,  poor  focusing,  spectrographic 
aberrations,  slit  eccentricities  all  may  give 
rise  to  drifting  data. 

The  purpose  of  the  external  optics  is  to 
fill  the  spectrograph  aperture  with  light  and 
so  obtain  the  maximum  speed  and  resolving 
power.  The  images  should  be  regularly  in- 
spected for  vignetting  of  the  source  image 
by  some  aperture  in  the  spectrograph  (com- 
monly the  collimator).  This  is  particularly 
important  if  a  long  slit  is  used  (e.g.  with  a 
stepped  sector  or  filter)  since  vignetting  re- 
sults in  uneven  illumination  along  the  length 
of  a  line,  affecting  arc  and  spark  lines  in 
radically  different  ways. 

Other  causes  of  uneven  illumination  along 
the  length  of  the  lines  are  chromatic  aberra- 
tion of  the  optics  and  dispersion  of  any 
prisms  in  the  optical  system.  (Here,  it  is 
interesting  to  note  that  B.  &  L.  has  recently 
changed  its  bi-prism  system  of  dividing  the 
beam  to  the  gratings  of  the  Dual  Grating 
Spectrograph  to  a  mirror  system  which  elimi- 


nates both  problems.)  In  the  commonly  used 
three-lens  system  of  illumination,  the  first 
lens,  used  for  producing  an  intermediate 
image  of  the  source,  should  be  achromati- 
cally  corrected  to  obtain  uniform  line  illumi- 
nation at  all  wavelengths.18 

External  optics  are  plagued  with  still  an- 
other annoyance — arc  wandering — and  re- 
cently several  novel  corrective  measures  were 
proposes.  One  is  the  Lmsenraster  announced 
by  Steinheil  (West  Germany),  a  lens  system 
which  produces  an  array  of  small  interme- 
diate images  of  the  source  instead  of  one  as 
in  the  conventional  three-lens  system.  As 
the  arc  wanders,  each  small  image  wanders 
but  to  a  correspondingly  smaller  extent.  Ex- 
cellent control  of  arc  wandering  is  said  to 
be  achieved  in  this  fashion  although  at  the 
expense  of  some  loss  of  speed.  A  second  sys- 
tem of  correcting  arc  wandering  is  the  use 
of  a  bi-prism  as  suggested  by  L.  J.  Linder 
(unpublished).  An  aperture  is  placed  at  the 
intermediate  image  position  so  that  the 
image  here  is  focused  on  the  collimator.  The 
apex  angle  of  the  bi-prism  is  so  chosen  that 
the  image  of  the  source,  which  would  ordi- 
narily fill  the  aperture  in  the  screen,  is  split 
into  two  adjacent  images  with  only  half  of 
each  image  foiling  in  the  aperture.  When,  as 
a  result  of  arc  wandering,  one  image  moves 
out  of  the  aperture,  its  twin  moves  into  it 
from  the  other  side.  Light  from  all  parts  of 
the  source  is  thus  always  entering  the  spec- 
trograph but  the  intensity  of  illumination  is, 
of  course,  reduced  by  a  factor  of  two. 

As  has  been  mentioned  under  the  heading 
of  "Weather",  improper  focusing  and 
changes  in  slit  width  disrupt  relative  intensi- 
ties. They  also  adversely  affect  the  sensitiv- 
ity limit  of  the  spectrograph  because'  the 
maximum  line-to-background  ratio  is 
reached  only  when  the  slit  is  made  narrow 
enough  to  allow  the  natural  line  breadth  to 
be  recorded.  Again  the  necessity  of  maintain- 
ing constant  and  optimum  positioning  of  the 
optics  is  emphasized. 
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FIG.  1.  Linder's  use  of  a  biprism  system  for  suppressing  arc  wander. 
Left:  Inverted  electrode  images  and  aperture  relationship. 

Bight:  Optical  system.  A  double  image  of  the  electrodes  is  focused  on  the  aperture  at  the  intermediate 
image  position.  As  one  image  moves  off-axis,  the  other  returns. 


Astigmatism  and  coma  are  two  more  opti- 
cal imperfections  which  take  their  toll  in 
accuracy.  These  are  generally  greater  off 
axis :  lines  at  the  end  of  the  plate  are  affected 
more  than  at  the  center.  Astigmatism 
changes  the  intensity  of  a  line  by  discarding 
some  of  the  light  vertically.  Coma,  on  the 
other  hand,  widens  a  line  asymmetrically. 
Accordingly,  it  is  good  practice  for  the  spec- 
trographer  to  maintain  the  same  wavelength 
coverage  on  a  plate  for  a  given  procedure  to 
assure  that  all  aberrations  act  on  a  particu- 
lar line  in  the  same  way  each  time. 

This  precaution  is  particularly  important 
if  stigmatic  mounts  using  mirror  optics  (or 
a  concave  grating)  and  a  fairly  wide  focal 
field  are  used.  Depending  upon  its  position 
within  the  focal  field,  the  photographically 
observed  intensity  of  a  narrow  line  may  vary 
by  as  much  as  a  factor  of  two.22 

Calculations.  Evaluations  of  errors  due 
to  calculations  made  at  various  steps  leading 
to  the  final  %  concentration  in  spectroscopy 
are,  necessarily,  indeterminate  because  so 
many  calculations  are  graphical  and,  there- 
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fore,  subjective.  Reading  and  preparing  a 
graph  as  well  as  the  choice  of  scale,  the  thick- 
ness and  closeness  of  fit  of  the  line  all  de- 
pend on  the  gkj.1.1  of  the  operator.  Here  a 
recent  trend  is  quite  helpful.  It  is  to  convert 
scales  wherever  possible,  to  straight  line 
graphs.  Thus,  the  familiar  S-shaped  H  and  D 
curve  appears  on  many  calculating  boards 
today  as  a  straight  line  through  the  simple 
expedient  of  using  a  Seidel,  or  similar,  trans- 
formation. Incidentally,  such  a  transforma- 
tion corrects  only  for  the  toe  of  the  curve. 
The  shoulder— at  low  transmittance  values 
—results  partially  from  scattered  light  in  the 
microphotometer  which  enters  the  slit  from 
portions  of  the  spectrogram  around  the  line 
itself.  It  is  best  for  the  spectrographer  to 
steer  clear  of  this  region  of  high  density  in 
his  work. 

Analytical  curves  are  normally  straight 
but  background  may  introduce  a  curved 
portion  at  values  where  the  line  and  back- 
ground begin  to  merge.  To  straighten  out 
this  region,  background  corrections  are  ad- 
visable and  several  have  been  proposed  (Ref. 
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1 ,  p.  79).*  Analytical  curves  are  dependent  on 
the  presence  of  a  third  element  and  this 
effect  can  be  minimized  through  the  use  of 
calculations  involving  ratios  of  concentra- 
tions rather  than  the  calculations  them- 
selves. This,  too,  is  explained  by  ASTM 
(Ref.  1,  p.  74). 

Photometry.  Since  quantitative  spectro- 
chemical  analysis  depends  upon  the  evalua- 
tion of  relative  line  intensities  which,  in 
turn,  are  obtained  through  photographic 
density  measurements,  its  accuracy  depends 
upon  the  methods  used  for  calibrating  emul- 
sions and  interpreting  the  data.  From  the 
standpoint  of  accuracy,  a  calibration  proce- 
dure using  two  lines,  two  steps  of  a  sector  or 
filter  is  the  best  practical  choice.  The  use  of 
several  steps  requires  a  slit  too  long  for  uni- 
form illumination.  Other  methods  are  hard 
to  set  up. 

Under  "Calculations,"  the  value  of  using 
linear  plots  of  the  calibration  data  was 
stressed.  Emulsion  calibration  curves  meas- 
ured with  a  modern  microphotometer  often 
yield  linear  plots  on  Seidel  coordinate  paper 
from  about  4-90  %  T.  The  lower  limit  is  deter- 
mined usually  by  scattered  light  in  the  in- 
strument which  originates  largely  from  field 
illumination.  There  are  two  effects  of  this 
scatter:  1)  the  observed  gamma  will  be 
lower  than  the  true  gamma;  2)  at  low  trans- 
mittance  values  a  false  "saturation"  of  the 
H  and  D  curve  occurs,  and  the  shoulder  be- 
gins at  lower  densities  than  the  true  shoulder 
of  the  curve.  For  accurate  work,  densities 
above  the  beginning  of  the  observed  shoulder 
should  be  avoided.  At  high  transmittances, 
the  linearity  of  the  Seidel  plot  depends  upon 
the  slope  of  the  straight  part  of  the  H  and  D 

*  Caution  should  be  exercised  in  applying  the 
generally  accepted  methods  of  background  correc- 
tion. They  are  subject  to  photometric  errors  in 
measuring  densities  which  are  dependent  upon  the 
particular  microphotometer  used.  In  addition, 
work  in  progress  at  the  Brookhaven  National  Lab- 
oratory18, as  well  as  some  Russian  work,  has  cast 
doubt  upon  the  simple  additivity  of  line  and  back- 
ground intensities. 


curve  (gamma).  It  is  recommended  that  the 
emulsion  should  be  developed  to  a  gamma  of 
approximately  two  (plus  or  minus  about  0.3) 
when  using  Seidel  calibration  plots.24  When 
this  is  not  possible,  the  more  general  Kaiser 
function26  may  still  be  used  to  linearize  the 
emulsion  calibration  curve. 

The  linearity  of  a  microphotometer  is  an- 
other pertinent  variable.  By  linearity  is 
meant  the  ability  of  a  microphotometer  to  re- 
produce the  transmittance  value  of  a  spectral 
line  regardless  of  its  sensitivity  setting.  A 
simple  test  may  be  performed  as  follows: 

Set  the  background  reading  in  a  clear  por- 
tion of  the  plate  at  100%  T.  and  read  the 
transmittances  of  several  lines  at  levels  of 
about  5%,  30%  and  70%  T.  Next,  reduce 
the  overall  light  to  the  detector  in  some 
manner,  by  using  a  dimmer  switch  often 
provided  on  microphotometers  or  with  a 
neutral  filter  (uniformly  fogged  film  or 
smoked  glass)  taped  to  the  condenser  lens. 
Two  or  three  such  filters  should  be  used 
having  transmittances  of  about  25  %,  50  % 
and  75  %.  Take  readings  of  the  spectral  lines 
1)  without  resetting  the  background  at 
100%  T;  2)  after  setting  the  background  at 
100%.  In  all  instances,  the  relative  amount 
of  light  transmitted  by  the  lines  should  be 
the  same. 

In  practice,  of  course,  variations  are  ob- 
tained when  the  above  procedure  is  followed. 
A  study  of  these  will  set  practical  limitations 
of  the  microphotometer  for  the  spectrog- 
rapher.  Periodic  checks  are  suggested  as 
electronic  components  age. 

Analogous  to  this  electronic  check  is  one 
which  should  be  performed  on  the  optics, 
especially  with  regard  to  focus.  On  many 
microphotometers  the  focus  setting  is  much 
more  critical  than  can  be  detected  by  the 
eye.  In  fact  the  best  way  of  focusing  the 
instrument  is  by  setting  it  to  the  maximum 
effective  density  of  a  line: 

Choose  a  line  of  around  30%  T.  in  the 
middle  of  a  plate.  The  width  of  the  line 
should  be  at  least  three  times  the  width  of 

105 


EMISSION  SPECTROSCOPY— LIGHT 


the  scanning  slit.  Take  several  readings  of 
the  line  at  different  focus  settings  and  pencil 
a  marking  on  the  lens  in  the  position  of 
maximum  density  (best  focus).  Repeat  for 
lines  near  the  four  edges  of  the  plate.  The 
optimum  focus  should  be  the  same  provided 
the  carriage  moves  in  a  plane  perpendicular 
to  the  optical  components. 
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ARNO  AREAK  AND  A.  J.  MITTELDORF 
ANALYTICAL  EMISSION  SPECTROSCOPY 

Introduction.  More  and  more  physical 
methods  are  being  used  in  today's  industrial 
and  research  laboratories  for  analytical  pur- 
poses. Analytical  emission  spectroscopy  is 
one  of  these.  In  some  cases  it  can  be  com- 
pletely substituted  for  wet  analytical  chemi- 
cal methods;  in  others  it  is  a  welcome  ad- 
junct since  it  makes  possible  identification 
of  all  metals  and  often  nonmetallic  elements 
as  well.  The  particular  advantage  of  the 
spectrographic  methods  in  general  are  speed, 
remarkable  sensitivity,  accuracy,  unequivo- 
cal identification  and  minimal  material  con- 
sumption. In  addition  to  all  this,  either  a 
photographic  plate  or  a  stripchart  is  retained 
as  a  document  of  the  analysis  which  may  be 
referred  to  at  any  time.  Independently  of 
the  equipment  used,  the  analytical  proce- 
dures are  in  most  cases  the  same  and  the 
variations  from  instrument  to  instrument 
may  be  considered  minimal. 

The  professional  spectroscopist  has 
evolved  because  of  the  fairly  complex  instru- 
mentation and  the  understanding  of  some 
of  the  mechanics  of  excitation,  diffraction, 
optics  and  metallurgy  that  is  required.  His 
position  may  be  considered  midway  between 
chemistry  and  physics.  Since  he  operates  in 
one  of  the  fertile  junction  areas  of  the  scien- 
tific mosaic,  the  professional  spectroscopist 
often  finds  himself  working  in  many  and 
varied  fields. 

Historical.  The  discovery  and  applica- 
tion of  a  phenomenon  in  nature  is  dependent 
on  persons  who  have  one  or  a  combination 
of  the  following  gifts:  luck,  talent,  perspicac- 
ity and  perseverance.  Spectroscopy,  it  has 
been  said,1  began  when  the  flood  ended,  but 
man  required  thousands  of  years  to  learn  to 
make  practical  use  of  it. 

Excellent  treatises  on  the  history  of  spec- 
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troscopy  are  contained  in  the  literature.1'8 
This  may  be  summarized  as  follows. 

It  is  generally  conceded  that  the  history  of 
analytical  spectroscopy  begins  approxi- 
mately a  century  ago  with  the  work  of 
Bunsen  and  Kirchhoff  and  their  discovery, 
by  means  of  the  spectroscope,  of  the  ele- 
ments rubidium  and  cesium,  announced  in 
1860.  Their  work  also  marked  the  real  be- 
ginning of  astrophysics.  The  investigations 
of  Kirchhoff  and  Bunsen  were,  however, 
based  upon  the  work  of  many  earlier  investi- 
gators. In  1672  Sir  Isaac  Newton  discovered 
the  fact  that  "white"  light  is  a  composite  of 
various  colors.  He  also  found  that  "rays  of 
different  colors  undergo  different  degrees  of 
refraction  by  a  glass  prism."  He  recognized 
that  "when  passing  white  light  through  a 
glass  prism  onto  a  screen,  a  regular  and 
reproducible  series  of  colors — the  spectrum 
— may  be  produced." 

Wollaston4  in  1802  placed  a  narrow  slit 
before  the  prism  and  found  that  the  spec- 
trum thus  produced  from  the  light  of  the 
sun  was  crossed  by  black  lines  of  varying 
distances  from  one  another.  Fraunhofer5  by 
1817  had  investigated  the  lines  found  by 
Wollaston  and  had  mapped,  according  to  an 
arbitrary  scale  and  with  improved  instru- 
mentation, 576  of  the  "Fraunhofer  Lines" 
of  the  solar  spectrum.  Moreover  he  found 
and  described  the  explanation  of  the  phe- 
nomenon. 

With  even  more  improved  instrumenta- 
tion Sir  John  Herschel  studied  the  spectra 
of  several  colored  flames.  He  concerned  him- 
self particularly  with  flames  into  which  he 
had  introduced  amounts  of  strontium  and 
copper.  In  1823*  he  reported  that  "the  colors 
thus  contributed  by  different  objects  to  the 
flame  afford,  in  many  cases,  a  ready  and  neat 
way  of  detecting  extremely  minute  quanti- 
ties of  them." 

This,  then,  is  part  of  the  basis  upon  which 
Bunsen  and  Kirchhoff  built  their  work.  In 
rapid  succession  additional  new  elements 


were  discovered  by  means  of  the  spectro- 
scope: 

Thallium:  in  1861  by  Sir  William  Crookes 
Indium:  in  1863  by  Reich  and  Richter 
Gallium :  in  1875  by  Lecoq  de  Boisbaudran 
Virtually  all  the  rare  earth  elements  as  well: 
as  many  other  elements  were  discovered  by 
means  of,  or  with  the  aid  of  spectroscopy. 
Astrophysicists  continued  to  be  vastly  inter- 
ested in  the  field  because  it  provided  a  prime 
means  of  studying  the  composition  of  celes- 
tial bodies.  A  large  amount  of  work  in  in- 
strumentation design  was  done  by  these 
groups. 

Interest  in  the  spectrochemical  field,  how- 
ever, diminished  quickly.  Strangely  enough, 
it  apparently  was  the  advance  of  electricity 
and  the  electric  arc  and  spark  which  did 
much  to  discourage  further  work  in  the 
field.  While  the  new  excitation  methods 
much  improved  the  sensitivity,  they  also 
considerably  increased  the  complexity  of  the 
spectra  they  produced.  Many  researchers 
decided  that  even  the  most  tedious  chemical 
analytical  methods  were  to  be  preferred  to 
the  almost  hopeless  task  of  working  one's 
way  through  such  a  maze  of  lines. 

It  must  be  remembered  that  all  the  early 
measurements  were  made  visually  in  the  vis- 
ible spectrum.  Some  experiments  were  made 
with  photography  of  spectra,  but  photog- 
raphy at  that  time  was  a  highly  unsatisfac- 
tory technique.  Moreover,  arbitrary  scales 
were  used  to  measure  spectra  until  Watts 
began  to  develop  the  wavelength  system. 
Angstrom's  work,  a  few  years  later,  was 
much  facilitated  by  the  use  of  grating  spectra 
after  the  invention  and  development  of 
plane  diffraction  gratings  by  Fraunhofer  in 
1822.  Rowland  in  1882  developed  the  tech- 
nique for  the  manufacture  of  concave  diffrac- 
tion gratings. 

Between  1885  and  1924,  when  Loewe 
called  it  the  "forgotten  method,"  little  was 
done  in  analytical  emission  spectroscopy.  A 
few  lone  investigators  carried  on  the  work. 
Notable  of  these  was  de  Gramont  who,  in 
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1907  published  the  "raies  ultimes"  of  59 
elements;  Kayser  published  the  first  volume 
of  the  "Handbuch  der  Spektroskopie"  in 
1900;  and  Twyman  designed  and  built,  at 
Hilger  and  Watts  in  England,  a  few  spectro- 
graphs  during  that  period.  One  of  those 
instruments  is  reported  to  be  still  in  daily 
use  in  a  laboratory! 

Gerlach  in  1926  created  new  interest  in 
analytical  emission  spectroscopy  with  the 
application  of  the  "internal  standard"  prin- 
ciple. Since  that  time  a  multitude  of  papers 
has  been  published  and  continues  to  be  pub- 
lished in  many  journals  around  the  world. 

About  the  mid-thirties  industry  began  to 
cast  about  for  faster,  perhaps  more  accurate 
and  certainly  more  sensitive  methods  of 
chemical  analysis.  Much  credit  is  due  here 
to  Judd  Lewis  who  helped  to  publicize  the 
method  by  utilizing  it  to  a  large  extent  in 
his  own  laboratories.  Most  of  his  work,  un- 
fortunately, is  buried  in  the  confidential  re- 
ports to  his  clients. 

World  War  II  gave  much  impetus  to  this 
"new"  science,  since  speed,  accuracy  and 
simplicity  became  of  the  foremost  impor- 
tance. During  the  same  period  the  instru- 
mentation was  developed  to  its  present  high 
state  of  perfection.  Primarily  because  of  the 
better  production  methods,  but  also  because 
of  the  advent  of  excellent  replica  gratings, 
instrumentation  is  now  available  which  is 
economically  well  within  the  reach  of  most 
laboratories. 

The  speetrographic  method  has  emerged 
as  a  new  tool  for  the  analytical  chemist.  As 
it  will  be  used  to  continually  greater  extent, 
the  laboratory  which  lacks  spectroscopy  is 
at  a  very  definite  disadvantage,  though  of 
course  it  will  never  replace  the  analytical 
chemist. 

Technical.  The  basic  principle  underlying 
the  arc-spark  emission  spectrographic 
method  may  be  described  as  follows:  A  mi- 
nute part  of  the  sample  is  vaporized  and  ex- 
cited to  the  point  of  light  emission.  This  may 
be  done  by  means  of  an  electric  arc  (5000° 
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to  8000°C)  or  spark  (7000°  to  20,000°C). 
Excitation  parameters  are  selected  according 
to  the  material  to  be  analyzed.  The  light 
derived  from  the  vaporized,  excited  material 
is  dispersed  into  its  component  parts  in  the 
spectrograph.  The  medium  of  diffraction  is 
either  a  prism  or  a  grating.  At  the  exit 
aperture  this  light  is  either  photographed  of 
a  plate  or  film,  or  recorded  by  means  on 
photoelectric  devices.  Since  each  element 
produces  a  spectrum  (or  rather  a  series  of 
spectral  lines  of  specific  wavelengths),  which 
is  characteristic  of  itself,  the  identification 
of  an  element  is  possible  by  studying  the 
lines  according  to  their  respective  locations. 
Determination  of  quantity  is  made  accord- 
ing to  the  intensity  of  the  lines. 

The  flow  sheet  (Fig.  1)  indicates  the  essen- 
tial steps  of  the  analytical  process.  It  also 
indicates  the  multitude  of  different  fields  of 
science  and  technology  which  are  involved 
in  the  generation  of  the  final  product:  the 
analytical  result.  Sample  preparation  may 
involve  problems  of  chemistry,  metallurgy 
and  machining  practice.  The  excitation  of 
the  sample  involves  chemical  reactions, 
thermodynamics,  atomic  physics  and  elec- 
tronics. 

The  following  is  a  simplified  explanation 
of  the  excitation  mechanism  operating  in 
the  arc-spark  and  flame  photometric  light 
sources:  The  atom  consists  of  a  nucleus  and 
a  number  of  "orbiting"  electrons  surround- 
ing the  nucleus  in  stable  energy  levels.  When 
all  the  electrons  are  at  their  lowest  possible 
energy  levels,  the  atom  is  considered  to  be 
in  its  "ground  state."  If  this  condition  is 
disrupted  by  the  introduction  of  a  large 
amount  of  energy,  the  electrons  are  forced 
from  their  usual  orbits  to  higher  energy 
orbits — the  "excited  state."  To  return  to 
their  normal  orbits,  the  electrons  must  re- 
lease the  energy  with  which  they  have  been 
charged.  They  return  from  the  excited  state 
to  the  ground  state  in  definite  steps,  releas- 
ing energy  stepwise  in  the  form  of  light.  Each 
step  accounts  for  the  presence  of  a  specific 
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FIG.  1.  Analytical  emission  spectroscopy  flow  sheet,  indicating  the  many  steps  and  variables  in- 
volved in  producing  the  final  product:  The  Result. 


frequency  of  light  and  hence  the  presence  of 
a  spectral  line  on  the  photographic  plate. 

In  a  sample  composed  of  various  types  of 
atoms,  e.g.,  iron,  silicon  and  manganese, 
lines  of  each  of  these  three  elements  will  be 
present  in  the  spectrum  of  the  sample.  When 
the  concentration  of  iron  atoms  is  greater 
than  that  of  the  silicon  or  manganese  atoms, 


the  energy  release  from  the  iron  electrons  is 
much  greater  than  that  from  the  other 
two  elements.  Not  only  are  more  iron  fre- 
quencies (lines)  produced,  but  they  are  also 
of  higher  intensity  than  those  of  silicon 
and  manganese.  Identification  of  the  ele- 
ments present  in  a  sample  by  the  presence 
of  their  spectral  lines  is  the  basis  for  spectro- 
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graphic  qualitative  analysis;  measurement 
of  the  intensities  of  the  spectral  lines  permits 
quantitative  analysis. 

The  spectrograph  itself  includes  a  wide 
variety  of  optical  and  mechanical  problems; 
the  photography  of  the  resultant  spectrum 
involves  photographic  technique,  organic 
and  inorganic  chemistry,  temperature  con- 
trol and  mechanical  design.  In  the  case  of 
direct-reading  instruments,  a  maze  of  elec- 
tronics is  also  involved. 

The  most  important  part  of  the  spectro- 
graph is  the  element  which  disperses  the 
light.  This  may  be  either  a  grating  or  a 
prism.  The  use  of  prisms  as  light-dispersing 
media  is  well  known.  The  grating  is  the  finest 
piece  of  optical  instrumentation  made  today 
and  consists  of  a  front-surfaced  mirror  with 
either  a  plane  or  concave  surface.  Into  this 
surface  grooves  of  precise  angles  and  depths 
are  cut  with  exact  spacing.  Commonly  used 
gratings  contain  15,000  and  30,000  grooves 
per  inch  and  may  be  as  much  as  6  inches 
long.  At  the  present  writing  there  are  per- 
haps ten  ruling  engines  in  the  U.  S.,  and 
these  are  by  far  the  most  precise  mechanical 
instruments  made. 

The  optical  configuration  of  the  entrance 
slit,  lenses,  grating  or  prism,  and  exit  open- 
ing of  different  types  of  spectrographs  varies 
with  the  manuf  acture  of  the  instrument  and 
the  basic  optical  design  used.  The  entire 
configuration  of  optics  must  be  perfectly 
focused  and  aligned  so  that  the  spectral  lines 
appear  well  spaced  and  properly  dimensioned 
at  the  exit  opening. 

The  most  commonly  used  detector  for  the 
diffracted  light  radiation  is  a  photographic 
film  or  plate.  Special  emulsions  have  been 
developed  for  this  purpose;  each  covers  a 
certain  wavelength  region  and  has  varied 
speeds  and  resolving  powers.  The  resultunt 
spectrogram  is  therefore  processed  very 
much  like  any  photographic  emulsion. 
Photometry  of  the  spectrum  and  calculation 
of  the  results  require  understanding  of 
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mathematics,   optics,   electronics  and  me- 
chanics. 

Qualitative  analysis  on  the  spectrograph 
is  done  in  the  following  manner:  A  powdered 
sample  is  mixed  with  enough  graphite  pow- 
der to  make  the  mixture  conduct  electricity. 
The  graphite  powder  also  facilitates  the 
vaporization  of  the  very  refractory  constit- 
uents which  may  be  present  in  the  sample. 
The  mixture  is  placed  in  a  graphite  cup 
which  serves  as  the  lower,  usually  positive, 
electrode  in  a  DC  arc.  The  arc  raises  the 
temperature  in  the  cup  to  between  1500° 
and  3000°C,  depending  upon  the  electrode 
configuration.  This  causes  the  sample  to  be 
vaporized  into  the  arc  discharge  zone  above 
the  electrode,  where  excitation  takes  place 
and  the  light  emission  from  the  sample  oc- 
curs. Solutions  may  be  vaporized  from  a  cup 
or  a  flat  graphite  electrode  and  thus  excited. 
Metallic  powders  loaded  into  a  graphite  cup 
need  not,  of  course,  be  mixed  with  graphite 
powder  since  they  are  themselves  conduc- 
tive. Various  methods  have  been  described 
in  the  literature  for  the  evaluation  of  the 
spectra  thus  obtained. 

One  of  the  most  important  problems  is 
the  identification  of  spectral  lines.  Many 
manufacturers  of  spectrographic  equipment 
supply  a  "standard  plate"  which  contains  a 
large  number  of  identified  lines  and  which  is 
made  to  correspond  to  the  instruments  they 
produce.  Aligning  such  a  standard  film  with 
the  film  containing  the  sample  spectra  is 
relatively  easy  and  locating  the  analysis 
lines  is  thus  facilitated.  If  such  a  standard 
spectrum  is  not  available,  one  can  be  pro- 
duced by  merely  exposing  the  pure  elements 
which  are  of  interest  in  a  series  of  exposures 
on  the  same  plate.  The  lines  produced  by 
the  various  elements  in  the  sample  spectrum 
can  be  identified  in  this  manner. 

For  quantitative  analysis,  the  densities  of 
specific  spectral  lines  of  the  desired  element 
must  also  be  determined.  Most  spectrog- 
raphers  use  a  microphotometer  or  densitom- 
eter  for  the  measurement  of  line  intensities. 
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In  this  instrument,  the  line  to  be  examined 
and  measured  is  aligned  over  (or  under)  a 
slit  through  which  a  quantity  of  light  is 
focused  from  a  carefully  controlled  light 
source.  The  amount  of  light  passing  through 
the  slit  and  a  clear  section  of  the  plate  or 
film  is  arbitrarily  considered  100  %  transmis- 
sion. When  an  opaque  object  is  inserted  be- 
tween the  light  source  and  the  slit,  the  gal- 
vanometer needle  falls  to  0  %  transmission. 
More  intense  light  emission  by  the  excited 
sample  results  in  denser  (blacker)  lines  than 
less  intense  light  emission.  Therefore,  the 
relative  amount  of  light  falling  from  the  light 
source  in  the  microphotometer  through  the 
line  on  the  plate  to  the  slit  and  to  the  photo- 
cell in  the  densitometer  indicates  a  relative 
blackening  of  the  film  on  the  scale  between 
0  and  100.  The  measured  transmission  of  the 
line  therefore  is  in  direct  proportion  to  the 
amount  of  the  element  in  the  sample. 

Despite  the  most  careful  control  of  the 
electrical  discharge,  small  variations  occur 
in  the  over-all  exposure.  For  this  reason  all 
the  transmission  figures  must  be  brought  to 
a  common  denominator.  Here  the  spectrog- 
rapher  uses  the  "internal  standard"  system. 
In  a  series  of  steel  samples  he  reads  the 
transmission  of  a  given  iron  line.  The  iron 
in  this  case  is  so  nearly  constant  in  concen- 
tration that  any  error  thus  introduced  is 
negligible.  This  method,  however  does  give 
him  a  gauge  of  the  relative  density  of  the 
following  exposures. 

Once  a  relationship  is  established  between 
the  transmission  readings  of  the  internal 
standard  line — in  this  case  iron  and  the  ele- 
ment line  of  the  element  to  be  determined — 
the  ratio  evolved  represents  a  specific  con- 
centration. By  using  three  or  more  standard 
samples,  a  concentration  curve  for  the  ele- 
ment can.be  constructed  by  plotting  the 
ratios  of  element  lines  to  internal  standard 
lines  versus  concentration  of  the  standard 
samples.  The  concentration  of  the  element 
contained  in  the  unknown  sample  can  then 


be  determined  by  referring  to  this  concen- 
tration calibration  curve. 

While  this  may  seem  complicated,  one 
must  recognize  that  many  of  the  motions  in 
this  process  need  be  done  but  once.  This 
applies  particularly  to  the  industrial  labora- 
tory where  a  great  number  of  similar  samples 
are  processed.  As  many  as  16  exposures  may 
be  placed  on  a  35-mm  film  and  as  many  as 
40  on  a  4  by  10-inch  plate.  Hence  the  time- 
consuming  step  of  processing  the  film  or  plate 
is  divided  among  the  number  of  sample  ex- 
posures on  it.  For  example,  the  author  has 
made  as  many  as  66  determinations  in  less 
than  30  minutes  in  the  laboratory  of  an 
aluminum  smelter. 

The  analytical  speed  attainable  with  pho- 
tographic plates  is  normally  quite  satisfac- 
tory. However,  in  a  laboratory  where  large 
numbers  of  samples  must  be  processed  this 
speed  is  no  longer  sufficient.  Samples  must 
be  analyzed  in  a  total  elapsed  time  of  a  few 
minutes.  The  furnace  crew  may  be  waiting 
for  the  results;  hundreds  of  additional  sam- 
ples are  waiting  to  be  processed,  and  the 
pressure  is  on.  For  such  cases,  which  occur 
more  and  more  frequently  in  industry,  a 
number  of  manufacturers  resorted  to  auto- 
mation and  "direct  reading"  spectrographs 
were  developed. 

The  optical  system  and  excitation  equip- 
ment of  the  direct  readers  are  very  much 
the  same  as  for  the  photographic  units.  The 
difference  occurs  at  the  exit  opening  of  the 
spectrograph.  Here  the  light  from  individual 
element  lines  is  isolated  either  by  slits  of  the 
precise  widths  and  in  the  precise  locations 
where  the  desired  spectral  lines  appear  or  by 
means  of  a  complicated  mirror  system.  Both 
methods  accomplish  the  same  objective,  i.e., 
to  focus  the  light  of  one  spectrum  line  onto 
the  plate  of  a  photomultiplier  tube.  The 
photomultiplier,  much  like  a  photocell, 
transforms  the  radiant  energy  into  electrical 
energy,  while  at  the  same  time  it  multiplies 
the  generated  current  a  million  times. 
Numerous  photomultipliers  can  be  in- 
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stalled  in  an  instrument  to  handle  many 
different  spectral  lines.  The  current  from  the 
photonmltipliers  is  fed,  after  amplification, 
to  a  precision  condenser,  which  accumulates 
and  "integrates"  the  current  it  receives  until 
an  automatic  switching  device  discharges  one 
condenser  after  the  other  and  allows  the 
current  to  flow  to  either  a  chart  recorder  or 
a  series  of  milliammeters.  By  means  of  pre- 
viously exposed  standard  samples,  either  the 
dials  of  the  meters  have  been  calibrated  or 
a  curve  has  been  established  for  each  reading 
on  the  chart  recorder,  so  that  the  conversion 
of  light  intensity  to  concentration  figures  is 
completely  automatic. 

The  visual  analysis  method,  once  the  only 
form  of  emission  spectroscopy,  has  virtually 
disappeared.  It  would  appear  that  a  large 
amount  of  work  could  be  relegated  to  this 
method.  Quick  answers  can  be  obtained  in 
connection  with  such  problems  as  materials 
mixups,  sorting  of  materials,  and  the  like, 
since  most  commonly  used  materials  are 
sufficiently  different  from  one  another  in  the 
concentration  of  at  least  one  element  or  in 
the  presence  or  absence  of  elements.  Even 
virtually  untrained  personnel  can  therefore 
contribute  heavily  to  quality  control  prob- 
lems in  a  plant.  Good,  inexpensive  instru- 
mentation which  is  easily  operated  and 
which  is  normally  supplied  with  step-by- 
step  instructions  is  now  available. 

Conclusion.  The  foregoing  would  indi- 
cate that  analytical  emission  spectroscopy 
is  a  composite  method,  depending  heavily 
upon  the  understanding  and  correlation  of 
problems  in  many  fields  of  science  and  tech- 
nology. All  the  widely  varied  problems  are 
closely  related  to  one  another  and  the  vari- 
ables in  sampling,  excitation,  photography 
and  measurement  are  all  interdependent. 
One  cannot  consider  the  excitation  source 
without  also  considering  the  kind  of  samples 
involved,  the  spectrograph,  the  photographic 
or  electronic  process  and  the  photometry  or 
measurement  of  the  resultant  spectra.  Be- 
cause of  the  virtually  unlimited  number  of 
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combinations  of  electrical,  optical,  chemical 
and  physical  variables  involved  in  spectro- 
graphic  analysis,  there  are  no  "optimum" 
values  to  be  given  for  any  one  parameter. 
In  comparing  instrumentation,  one  cannot 
call  any  one  instrument  superior  to  another 
without  considering  the  balance  of  the  train 
of  instruments  involved.  In  analytical  emis- 
sion spectroscopy  one  must  always  think  in 
terms  of  combinations  of  instrumentation, 
combinations  of  conditions,  combinations  of 
circumstances. 
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APPLICATIONS  OF  EMISSION 
SPECTROSCOPY* 

Present-day  activity  making  use  of  line 
spectroscopy  is  concerned  to  an  overwhelm- 
ing extent  with  industrial  applications  in  the 
areas  of  qualitative  or  quantitative  analysis. 
Much  of  this  activity  has  been  related  to 
automation  in  connection  with  the  develop- 
ment of  elaborate  installations  for  direct 
reading  of  percentage  compositions  in  the 
instance  of  continuous-sampling  procedures. 
This  section  is  limited  to  an  attempt  to 
mention  a  few  of  the  guide  lines  that  must 
be  followed  in  analytical  work  and  to  list 
the  more  important  literature  surveys. 

The  unique  character  of  the  spectra  asso- 
ciated respectively  with  the  atoms  or  ions 
of  an  element  immediately  suggests  spec- 

*  The  tenth  in  a  consecutively  developed  series 
of  articles  on  the  fundamentals  of  Optical  Emis- 
sion spectra:  see  Introduction:  Designation  and 
Description  of  Spectra  for  list  of  topic?,  p.  202. 
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troscopy  as  a  means  of  identification.  Spec- 
trum analysis  has  indeed  become  firmly 
established  as  one  of  the  most  reliable  tech- 
niques for  identifying  the  elements  making 
up  the  composition  of  a  sample.  Although  its 
importance  was  recognized  from  the  begin- 
ning of  relatively  precise  wavelength  deter- 
minations, the  general  acceptance  and  wide- 
spread use  of  the  method  were  delayed  for 
about  a  generation,  or  until  the  second  dec- 
ade of  the  century.  When  several  spectra 
originating  in  a  mixture  of  elements  are 
superposed,  there  are  obviously  many  very 
near  coincidences  between  observed  wave- 
lengths and  those  listed  for  lines  of  various 
elements  in  catalogs  of  spectra,  a  situation 
leading  to  false  identification  in  many  in- 
stances. It  therefore  becomes  necessary  to 
establish  criteria  for  the  selection  of  lines  to 
be  used  in  identification.  Most  important 
of  these  criteria  are  the  appearance  of  the 
sensitive  or  persistent  lines  of  the  element 
or  elements  sought,  and  the  complete  devel- 
opment with  appropriate  relative  intensities 
of  multiple  groups. 

For  every  spectrum  there  is  at  least  one 
line  that  persists  with  vanishingly  small  con- 
centrations. Such  lines  are  called  "persistent 
lines"  or  "raies  ultimes."  In  general  the  per- 
sistent line  is  identifiable  with  the  resonance 
line  that  arises  from  the  transition  to  the 
ground  state  from  the  next  higher  state  of 
equal  multiplicity  and  opposite  parity.  A 
good  example  is  the  yellow  sodium  doublet. 
Listings  of  persistent  lines  are  found  in  all 
handbooks  on  spectrum  analysis  and  con- 
veniently given  in  the  "Key  to  the  Periodic 
Chart,"1  and  the  "American  Institute  of 
Physics  Handbook."2  If  the  persistent  line  is 
in  a  region  inaccessible  to  the  experimenter, 
possibly  in  the  vacuum  ultraviolet,  other 
sensitive  lines  may  be  employed.  In  Hgl,  for 
instance,  the  resonance  line  is  at  1849  A, 
but  the  extremely  intense  intercombination 
line,  2536  A,  is  usually  available.  Identifica- 
tion on  the  basis  of  a  single  line  is  generally 
suspect.  A  member  of  a  multiple  group 


should  be  accompanied  by  the  other  related 
members.  For  instance,  if  a  line  were  found 
in  the  position  of  4047  A  of  Hgl  it  would 
not  be  proper  to  claim  the  identification 
without  the  presence  of  4358  and  5461. 

Quantitative  spectrographic  analysis, 
while  simple  in  concept,  requires  experimen- 
tal methods  of  extreme  sophistication.  In 
general  it  is  necessary  to  establish  a  relation- 
ship between  concentration  of  a  component 
and  intensities  of  characteristic  lines  arising 
from  that  component.  This  may  involve 
comparison  of  the  test  specimen  with  a  series 
of  precisely  compounded  standard  samples 
of  varying  concentration.  Among  the  re- 
quirements of  the  experimental  routine  are: 
Careful  preparation  of  test  specimens  in  the 
form  of  arc  or  spark  electrodes  both  as  to 
geometric  form  and  freedom  from  contami- 
nation; operation  of  power  supply  units  in 
precisely  controlled  fashion;  handling  all 
items  of  the  photographic  procedure  under 
complete  control,  including  specification  of 
plate  types,  precise  timing  of  exposures,  and 
control  of  physical  environment  of  exposure 
and  processing;  and  finally  use  of  correct 
calibration  processes  to  arrive  at  the  rela- 
tionship between  optical  density  and  spectral 
intensity.  In  contrast  with  the  methods  of 
infrared  absorption  spectrophotometry  used 
mainly  for  the  analysis  of  organic  compounds 
in  which  the  components  occur  in  concen- 
trations of  the  same  order  of  magnitude, 
spectrochemical  analysis  using  the  methods 
of  emission  spectroscopy  finds  its  principal 
application  in  the  detection  of  trace  elements 
in  metallurgical  specimens. 

The  development  of  spectroscopy  in  its 
application  to  chemical  analysis  may  be 
traced  from  an  experimental  program  at  the 
National  Bureau  of  Standards  first  reported 
in  1922.8  Accompanying  the  spectacular 
growth  in  the  industrial  utilization  of  the 
art,  there  has  been  a  large-scale  output  of 
publications.  References  of  a  general  char- 
acter include  Foundations  and  Methods  of 
Chemical  Analysis  by  the  Emission  Spec- 
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trum  by  Gerlach  and  Schweitzer,4  and 
Chemical  Spectroscopy  by  Erode.6  The  re- 
sponsibility for  surveying  and  indexing  this 
enormous  selection  of  material  has  been 
assumed  by  W.  F.  Meggers  and  B.  F. 
Scribner  of  the  National  Bureau  of  Stand- 
ards. In  their  Index  to  the  Literature  of 
Spectrochemical  Analysis,6  which  has  ap- 
peared in  several  parts,  over  5000  papers 
have  been  listed  and  mostly  abstracted.  The 
same  authors  have  prepared  the  articles  on 
Emission  Spectroscopy  in  Analytical  Chem- 
istry1 ' 8  in  the  series  of  biennial  surveys  deal- 
ing with  spectrochemical  methods.  Refer- 
ences to  the  literature  must  also  include  the 
most  extensive  compilations  of  spectral  lines 
in  order  of  wavelengths.  These  include  the 
MIT  Tables9  and  Hauptlinien10  by  Kayser 
and  Bitschl.  The  most  complete  work  on 
Spectroscopy  covering  both  experimental 
techniques  and  compilations  of  data  is 
"Handbuch  der  Spektroskopie"  by  Kayser 
and  Runge,  in  late  editions  by  Kayser  and 
Konen.11  Much  of  the  material  is  now  super- 
seded by  new  data. 

Atomic  Spectroscopy  finds  extensive  and 
important  applications  in  astrophysics.  With 
a  few  notable  exceptions,  including  0-type 
stars,  certain  classes  of  gaseous  nebulae,  and 
instances  of  excited  gaseous  material  dis- 
tributed in  space,  all  of  which  are  emission 
sources,  celestial  objects  display  absorption 
spectra  Rimi1a,r  in  some  respects  to  the 
Fraunhofer  spectrum  of  the  sun.  For  the 
most  part  these  absorption  spectra  originate 
in  clouds  of  cooler  gases  surrounding  stars 
which  in  turn  are  emitting  a  continuous 
spectrum  having  a  spectral  distribution  de- 
termined by  temperature.  In  simple  tests, 
observation  of  stellar  spectra  provides  two 
classes  of  information.  First  identification  of 
the  atomic,  ionic,  or  molecular  origin  of  the 
lines  determines  unquestionably  what  ele- 
ments are  present  in  the  stellar  atmospheres. 
In  the  second  place,  interpretation  of  the 
Doppler  effect  provides  clues  to  stellar  mo- 
tions. According  to  this  principle,  the  wave- 
length of  a  given  radiation  shows  an  appar- 
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ent  increase  for  a  receding  emitter  and  a 
decrease  for  an  approaching  one.  This  is 
quite  analogous  to  an  acoustic  phenomenon 
manifesting  itself  in  the  rise  or  fall  of  pitch 
from  an  approaching  or  receding  sound 
emitter. 

Detailed  analysis  of  the  Doppler  effect 
permits  description  of  the  orbital  character- 
istics of  pairs  of  stars,  known  as  spectroscopic 
binaries  that  are  linked  together  under 
gravitational  forces  in  a  mechanical  system. 
Similar  Doppler-effect  studies  of  spectra  of 
galaxies  provide  all  available  evidence  for 
the  "red  shift"  on  which  the  hypothesis  of 
the  expanding  universe  is  based. 

The  detailed  study  of  the  spectra  of  stars 
permits  sorting  them  into  groups,  generally 
known  as  temperature  classes.  The  charac- 
teristics of  these  classes  designated  by  letters, 

0,  B,  A,  F,  G,  K,  M,  R,  N,  S,  with  appro- 
priate subgroups,  provide  the  basis  for  cur- 
rent theories  of  stellar  evolution.  The  clas- 
sification is  in   part   determined   by   the 
temperature-conditioned  spectral  distribu- 
tion of  the  background  and  in  part  by  the 
superposed  Fraunhofer  spectrum.  In  this 
system  the  sun  is  described  as  a  class-G 
star,  a  class  characterized  by  temperatures 
of  the  order  of  5000°  absolute  and  an  abun- 
dance of  elements  of  the  first  long  period. 
For  a  detailed  treatment,  reference  is  made 
to  well-known  works  on  astrophysics  such  as 
that  of  Rosseland.12 

The  material  in  this  section  emphasizes 
the  diversity  of  the  uses  of  experimental 
Spectroscopy  ranging  from  the  detection  of 
minute  traces,  as  small  as  one  part  in  ten 
million  in  the  instance  of  the  alkalis,  to  the 
determination  of  the  composition  or  charac- 
teristics of  remote  celestial  objects.  It  is  thus 
perhaps  the  most  universal  of  all  subjects 
combining  in  its  application  the  extremes  of 
our  concepts  of  magnitudes,  the  dimensions 
of  the  atom  and  of  the  universe. 
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ATOMIC  EMISSION  SPECTRA,  ANALYSIS  OF* 

In  a  paper  published  in  1951, 1  Meggers 
listed  the  three  principal  goals  of  research  in 
Atomic  spectra  paraphrased  as  follows:  (1) 
Grouping  of  the  energy  levels  into  spectral 
terms  and  correlating  these  terms  with  elec- 
tronic configurations  in  order  to  establish 
the  electronic  structure  of  atoms  and  ions 
in  both  normal  and  excited  states;  (2)  Rec- 
ognition of  series  and  extrapolation  of  these 
.•series  to  the  ionization  limit  to  give  an 
.accurate  value  of  the  force  that  binds  the 
•electron  to  the  atom  or  ion;  (3)  Study  of 
hyperfine  and  isotope  structure  to  determine 
the  mechanical,  magnetic  and  quadrupole 
moments  of  nuclei,  and  to  make  progress  in 
the  understanding  of  nuclear  structure. 

*  The  eighth  in  a  consecutively  developed  series 
•of  articles  on  the  fundamentals  of  Optical  Emis- 
sion Spectra:  see  Introduction:  Designation  and 
Description  of  Spectra  for  list  of  topics,  p.  202. 


In  any  energy  level  analysis  the  first  step 
is  obviously  to  obtain  the  levels  from  the 
description  of  the  spectrum.  A  prerequisite 
to  the  analysis  of  a  spectrum  is  that  the 
spectra  originating  in  the  various  ions  of  the 
same  element  be  sorted  out,  so  that  the 
description  to  be  used  contains  only  data 
associated  with  emitters  of  a  single  category. 
Experimentally  established  criteria  must  be 
utilized  to  establish  this  differentiation.  Most 
of  the  experimental  devices  are  listed  as 
follows:  (1)  Progressive  thermal  excitation 
illustrated  by  the  furnace  technique  devel- 
oped by  A.  S.  King.  (2)  Differentiation  be- 
tween the  spectra  originating  in  arc  and 
spark  discharges.  (3)  Suppression  of  spectra 
of  ions  of  higher  stages  by  introduction  of 
varying  amounts  of  inductance  into  the  cir- 
cuit in  which  a  spark  is  operated.  (4)  Geomet- 
ric differentiation  in  the  discharge  pattern. 
Illustrations  are  the  increase  in  excitation 
outward  along  a  radius  in  a  cylindrical 
tube  enclosing  an  electrodeless  ring  dis- 
charge, also  the  higher  excitation  associated 
with  short  lines  originating  at  the  electrodes 
of  an  arc.  (5)  Use  of  discharges  in  which  the 
excitation  is  limited  by  the  ionization  poten- 
tial of  the  carrier  gas,  illustrated  by  the 
hollow  cathode.  (6)  Use  of  sources  of  in- 
herently low  excitation  such  as  the  micro- 
wave-excited electrodeless  tube. 

In  the  instance  of  complex  spectra  without 
obvious  regularities,  it  is  customary  to  comb 
the  wave  number  list  for  a  recurrence  of 
differences.  This  permits  an  arrangement  of 
the  wave  numbers  into  what  is  called  a 
supermultiplet  or  quadratic  array  consisting 
of  rows  and  columns  separated  by  differences 
constant  to  within  an  adopted  tolerance. 
This  permits  the  setting  up  of  two  new  sets 
of  numbers  parallel  respectively  to  the  rows 
and  columns  which,  when  differenced,  yield 
the  wave  numbers,  also  differences  corre- 
sponding to  the  gaps  in  the  array.  The  de- 
rived numbers  are  on  an  arbitrary  scale 
conveniently  set  so  that  the  smallest  is  zero. 
In  this  way  we  arrive  at  two  sets  of  levels  of 
opposite  parity.  Actually  this  method  was 
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used  by  Snyder2  twenty  years  before  inten- 
sive activity  in  the  analysis  of  complex 
spectra  was  set  in  motion  following  the  dis- 
covery of  multiplets  by  Catalan.8  The  de- 
scribed procedure  suffers  from  an  obvious 
defect  inherent  in  the  possibility  of  fortuitous 
regularities.  This  makes  it  important  that 
high  precision  of  measurement  of  wave- 
length be  attained  particularly  in  densely 
populated  spectra,  in  order  to  keep  the 
tolerance  for  accepting  differences  as  small 
as  possible.  The  method  is  also  long  and 
tedious  if  carried  out  by  manual  computing 
methods.  Fortunately,  efforts  to  program  the 
problem  for  automatic  digital  computers  are 
making  gratifying  progress.  The  program  of 
improving  wavelength  measurements  is  tied 
in  with  extending  and  improving  the  quality 
of  the  system  of  wavelength  standards,  also 
with  improvements  in  equipment  including 
use  of  gratings  of  larger  area  and  higher 
resolving  power. 

When  the  array  is  set  up,  support  for  the 
choice  of  j-values  is  provided  by  the  location 
of  the  gaps,  having  in  mind  the  selection 
rules,  and  by  relative  intensities.  In  some 
instances  wave  numbers  predicted  in  the  gap 
positions  may  be  filled  in  by  new  observa- 
tions, particularly  in  spectral  regions  not 
previously  covered. 

In  assigning  quantum  designations  to  the 
experimentally  determined  levels,  it  must  be 
kept  in  mind  that  the  possible  sets  of  terms 
are  limited  by  a  very  restricted  choice  of 
electron  configuration.  It  has  been  pointed 
out  that  term  arrays  for  equivalent  electrons 
are  well  known.  Terms  resulting  from  the 
addition  of  other  electrons  to  an  equivalent 
group  are  predicted  by  using  the  vector 
scheme.  The  final  arbiter  for  establishing  the 
quantum  numbers  associated  with  each  of 
two  combining  levels  is  the  Zeeman  effect. 
To  be  utilized  advantageously,  the  pattern 
should  be  completely  resolved  and  the  char- 
acter of  the  coupling  established.  The  rare- 
earth  character  of  uranium,  resulting  from 
the  presence  of  f-electrons  in  the  external 
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configurations,  was  first  established  by 
Zeeman-effect  observations  by  Kiess,  Hum- 
phreys, and  Laun.4  Zeeman-effect  observa- 
tions have  always  been  handicapped  by 
difficulties  associated  with  obtaining  large 
steady  magnetic  fields.  Most  Zeeman-effect 
data  contained  in  older  publications  were 
obtained  with  maximum  field  strengths  ob- 
tainable with  electromagnets  equipped  with 
core  and  pole  pieces  of  ferromagnetic  mate- 
rial. These  fields  ranged  up  to  35,000 
oersteds.  Fields  of  the  order  of  100,000 
oersteds  have  been  realized  with  the  Bitter 
magnet  at  the  Massachusetts  Institute  of 
Technology. 

Long  series  are  not  of  frequent  occurrence 
in  many-electron  spectra.  If,  however,  only 
two  members  of  a  series  starting  with  the 
ground  state  can  be  observed,  a  Bydberg 
interpolation  will  give  a  fair  estimate  of  the 
ionization  potential.  Three  or  more  members 
will  permit  setting  up  a  Bitz  equation  and 
yield  a  very  nearly  correct  value. 
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BOHR  THEORY:  INTRODUCTION* 

The  first  real  breakthrough  in  the  inter- 
pretation of  atomic  spectra  in  terms  of  a 
model  or  physical  concept  of  the  mechanism 
of  the  emitter  came  in  a  series  of  publications 
by  Niels  Bohr  in  1913.1  This  theory  was 
based  on  two  postulates,  namely:  (1)  the 
existence  of  atomic  stationary  states,  and 
(2)  the  identification  of  the  frequency  of  the 

*  The  third  in  a  consecutively  developed  series 
of  articles  on  fundamentals  of  Optical  Emission 
Spectra:  see  Introduction:  Designation  and  De- 
scription of  Spectra  for  list  of  topics,  p.  202 
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monochromatic  radiation,  associated  with  a 
spectral  line,  with  the  energy  difference  of 
two  states  divided  by  Planck's  constant  A. 
The  model  of  the  atom  envisaged  to  account 
for  the  radiationless  stationary  states  was 
conceived  as  a  planetary  system  consisting 
of  a  central  positively  charged  nucleus  sur- 
rounded by  negatively  charged  electrons  cir- 
culating in  orbits  according  to  Kepler's  laws. 
In  the  simplest  approach  to  the  theory,  the 
concept  of  the  hydrogen  atom,  there  was 
only  one  planetary  electron  circulating  about 
the  particle  possessing  unit  positive  charge, 
now  called  the  proton.  The  stationary  state 
was  assumed  to  persist  as  long  as  the  elec- 
tron remained  in  a  fixed  orbit.  It  was  further 
assumed  that  no  radiation  was  emitted  dur- 
ing the  lifetime  of  this  state.  Inconsistency 
of  the  radiationless  state  with  an  electro- 
dynamic  interpretation  was  one  of  the  essen- 
tial weaknesses  of  the  theory  that  finally 
contributed  to  its  abandonment  as  represent- 
ing physical  reality.  Its  usefulness  for  pur- 
poses of  instruction  is  still  recognized,  be- 
cause it  provides  a  means  of  visualizing  atom 
mechanics.  The  fallacy  lies  in  the  fact  that, 
according  to  the  laws  of  electrodynamics,  an 
electron  could  not  be  maintained  in  an  orbit 
under  Coulomb  forces  without  a  constant 
expenditure  of  energy  and,  conversely,  with- 
out such  a  supply  of  energy,  it  would  be 
expected  to  spiral  down  with  the  accompani- 
ment of  emission  of  radiation  of  varying 
frequency.  The  emission  or  absorption  of 
energy  implied  in  the  second  postulate  is 
associated  with  a  jump,  sometimes  called  a 
quantum  switch,  from  one  stationary  state 
to  another.  Absorption  is  associated  with  a 
jump  in  a  direction  to  increase  the  energy, 
emission  with  a  loss  in  energy,  or,  according 
to  the  model,  a  switch  from  an  orbit  of 
greater  to  one  of  lesser  energy.  No  mecha- 
nism has  been  proposed  to  explain  how  these 
quantum  jumps  take  place.  Incontrovertible 
evidence  establishes  the  existence  of  sta- 
tionary energy  states  apart  from  any  concept 
of  a  physical  model. 


In  strict  justice  to  his  predecessors,  it 
should  be  noted  that  Bohr's  theory  was  not 
built  up  of  wholly  new  concepts  in  every 
particular.  The  open  structure  of  the  atom 
was  clearly  indicated  by  the  a-ray  experi- 
ments of  Rutherford  and  Chadwick.  Planck's 
quantum  theory,  to  account  for  the  emission 
and  absorption  of  continuous  radiation,  was 
based  on  the  quantized  behavior  of  an  array 
of  harmonic  oscillators.  Finally  the  empiri- 
cally established  spectral  terms  of  Rydberg 
constituted  a  natural  stepping  stone  to  the 
concept  of  energy  states. 

The  simple  introductory  aspects  of  the 
Bohr  theory  are  regarded  as  fundamental 
and  indispensable  to  even  a  casual  familiar- 
ity with  atomic  spectra  and  their  interpreta- 
tion. The  immediately  following  material  is 
intended  to  serve  only  as  such  an  introduc- 
tion and  is  inserted  with  the  understanding 
that  the  development  of  the  theory  may  be 
followed  in  any  desired  degree  of  complete- 
ness and  rigor  by  using  a  selection  from  the 
general  references. 

The  simplest  possible  model  of  the  hydro- 
gen atom,  subject  to  several  later  modifica- 
tions, envisages  an  electron  moving  under 
the  attraction  of  a  Coulomb  force  field  in  a 
circular  orbit  about  the  exact  center  of  the 
positive  nucleus.  Mechanically  this  requires 
the  assumption  of  an  infinitely  large  mass 
at  the  center.  The  electron  of  mass  m  is 
held  in  its  orbit  by  the  Coulomb  force  be- 
tween the  unlike  charges  balancing  the 
centrifugal  force  set  up  by  the  motion.  If  we 
call  the  orbital  radius  a,  the  velocity  along 
the  orbital  path  v  and  the  angular  velocity 
co,  the  centrifugal  force  is  variously  repre- 
sented as 


mp» 
a 


•»  mow2 


The  Coulomb  force  by  elementary  electro- 
statics is  Ze?/a?,  where  Z  is  the  number  of 
positive  charges  on  the  nucleus.  Accordingly, 


a* 
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or 


»  Ze* 


At  this  point  some  means  must  be  found 
to  specify  a  set  of  permitted  orbits.  The 
quantum  condition  here  introduced,  which 
may  be  considered  as  an  additional  assump- 
tion of  Bohr's  theory,  is  that  the  orbital 
angular  momentum  must  be  equal  to  an 
integral  number  of  units  of  the  quantity 
h/2ir,  that  is,  p  =  (nh/2ir)  where  h  is 
Planck's  universal  constant  of  action.  This 
represents  a  special  case  of  a  more  general 
treatment  developed  in  Planck's  radiation 
theory,  there  applied  specifically  to  the  har- 
monic oscillator.  In  the  general  case  of  a  mass 
particle  of  momentum  p  and  position  #, 
where  these  are  generalized  coordinates  that 
describe  some  form  of  cyclic  pattern,  exe- 
cuted in  a  phase  space,  the  derived  quantum 
condition  for  each  degree  of  freedom  of  the 
system  is  that  the  value  of  the  cyclic  or 
phase  integral  must  be  a  whole  multiple  of 
h. 

This  is  formulated 


It  is  important  to  note  that  the  simple  ro- 
tator is  quantized  not  in  energy  quanta,  but 
in  quanta  of  angular  of  momentum.  The 
evaluation  of  the  phase  integral,  since  the 
angular  momentum  is  constant  for  uniform 
circular  motion,  reduces  simply  to  2irp.  It  is 
to  be  emphasized  that  this  is  only  a  starting 
point  in  the  development  of  atomic  structure 
in  relation  to  the  features  of  emission  spectra. 
Subsequent  modifications  of  the  model  re- 
quire additional  degrees  of  freedom  for  which 
new  quantum  conditions  are  imposed,  but 
the  procedure  follows  that  outlined  in  the 
preceding  discussion.  This  method  of  intro- 
ducing the  quantum  condition  appears  some- 
what arbitrary  and  artificial.  The  new 
quantum  mechanics  contain  a  more  satisfac- 
tory treatment  since  the  quantum  states 
appear  naturally  as  characteristic  solutions 
of  the  Schrodinger  wave  equation. 
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No  attempt  is  made  in  this  article  to 
include  a  discussion  of  modern  quantum 
mechanics.  The  wave  mechanics  as  devel- 
oped by  Schrodinger  and  the  matrix  me- 
chanics of  Dirac  provide  a  rigorous  method 
of  introducing  the  quantum  conditions. 
These  methods  develop  a  formal  treatment 
of  the  concept  of  the  essentially  dual  nature 
of  matter  and  energy  according  to  which 
both  matter  and  radiation  possess  both 
particle  and  wave  properties.  In  place  of 
the  model  representing  the  atom  as  a  system 
of  orbits,  the  position  of  the  electron  is  rep- 
resented as  a  probability  density  function. 
In  the  following  sections  the  orbital  model, 
which  may  be  thought  of  as  an  approxi- 
mately equivalent  mechanical  system,  is 
retained  for  purposes  of  discussion. 

Returning  now  to  the  problem  of  the  de- 
scribed model,  the  angular  momentum  p  is 
given  by 


nh 


Therefore 


—•- . 


By  a  simple  algebraic  operation  combining 
this  last  equation  with  the  expression  for  the 
attractive  force  we  obtain  expressions  for  the 
values  of  the  radius  a,  the  orbital  velocity  v, 
the  angular  velocity  w  and  the  period  T  in 
terms  of  n,  as  follows: 


nh 


a  «= 


n  is  an  integer,  1  or  more,  associated  with 
the  1st,  2nd . . .  nth  Bohr  circle.  These  ex- 
pressions are  in  conformity  with  Kepler's 
laws. 
To  determine  the  radius  of  the  first  Bohr 
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orbit  of  hydrogen,  which  corresponds  to  the 
normal  state  of  the  atom,  we  set  n  equal  to 
1  and  substitute  the  accepted  values  of  the 
physical  constants  in  the  formula  for  a.  We 
obtain  ai  =  0.528  X  10~8  cm,  a  value  in 
excellent  agreement  with  that  obtained  from 
collision  experiments. 

Another  relationship  of  considerable  phys- 
ical significance  is  the  ratio  of  the  orbital 
velocity  to  the  velocity  of  light.  When  calcu- 
lated for  the  first  Bohr  orbit,  this  relation- 
ship, designated  a,  is  formulated 


2*6* 

ch  ' 


This  is  called  the  fine-structure  constant  and 
has  the  value  7.28  •  10"8  or  in  reciprocal  form 
1/137.29.  It  appears  in  all  formulations  for 
the  fine  structure  of  hydrogen  lines,  also  in 
formulas  for  the  separation  of  multiple 
groups  of  lines,  doublets,  triplets,  and  so 
forth.  Configurations  of  the  latter  type  are 
also  designated  fine  structures  for  historical 
reasons,  although  in  complex  spectra  they 
are  not  necessarily  narrow. 

We  now  come  to  the  essential  objective  of 
this  simplified  derivation,  namely  the  evalua- 
tion of  the  energies  associated  with  the  re- 
spective Bohr  orbits.  The  energy  of  the 
electron  in  its  orbit  is  equal  to  the  sum  of  the 
potential  and  kinetic  energies.  The  potential 
energy  arising  from  Coulomb  attraction  is 

•"pot  ^    "  sa  _,  „        » 

a  nW 

the  latter  form  being  obtained  by  substitu- 
tion of  the  value  of  the  radius,  already  listed. 
The  negative  sign  is  used  because  the  force 
is  one  of  attraction,  it  being  necessary  to 
perform  work  to  move  the  electron  away 
from  the  nucleus.  The  choice  of  this  alge- 
braic representation  entails  that  the  energy 
becomes  zero  for  infinite  separation.  This 
apparent  paradox  of  negative  energy  tends 
to  create  some  confusion,  but  actually  causes 
no  difficulty  in  actual  problems  because,  as 
we  shall  see,  we  are  always  dealing  with 
differences  of  energy. 


In  a  Coulomb  field  the  kinetic  energy  is 
in  general  represented  by 


This  may  be  confirmed  in  this  instance  by 
substituting  the  value  of  the  orbital  velocity 
in  the  elementary  kinetic  energy  formula, 


m 


The  total  energy, 

W  =  J0kin  + 


We  now  return  to  Bohr's  second  postulate, 
that  the  frequency  of  a  spectral  line  is  pro- 
portional to  the  difference  between  two 
energy  states;  that  is,  calling  actual  fre- 
quency v, 

to  ~  W*  -  W  H 

Suppose  we  are  dealing  with  emission  in 
which  there  is  a  transition  from  a  state  of 
greater  to  one  of  lesser  energy.  In  terms  of 
the  convention  of  signs,  Wn  ,  although  asso- 
ciated with  lesser  actual  energy,  is  associated 
with  a  larger  negative  number.  Let  the 
quantum  number  appropriate  to  Wm  be  m 
and  that  associated  with  the  Wn  be  n.  We 
obtain 


In  this  context  the  quantum  number  m  is 
associated  with  the  initial  state,  n  with  the 
final.  If  instead  of  actual  frequency  we  use 
the  wave  number  v  where  v  =  P/c,  that  is 
frequency  divided  by  the  velocity  of  light, 


h*c 


If  we  make  the  substitution 


R  - 


h*c 


RZ*[  ~  -  —. 
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This  is  identical  with  the  Balmer  formula  in 
the  form  used  by  Rydberg.  R  is  identified 
with  the  Rydberg  constant.  The  value  of  this 
constant  calculated  in  terms  of  the  known 
values  of  physical  constants  in  the  expression 


R  =» 


h*c 


is  close  enough  to  the  Rydberg  constant  de- 
rived from  experimental  data  that  it  repre- 
sents an  almost  spectacular  confirmation  of 
the  theory.  The  derivation  of  the  Balmer 
formula  and  the  interpretation  of  the  Ryd- 
berg constant  were  only  the  first  of  many 
successes  of  the  Bohr  theory  in  accounting 
for  the  physical  features  of  spectra,  both 
hydrogenic  and  more  complex  types. 

The  accuracy  of  the  value  of  the  Rydberg 
constant  obviously  depends  on  how  well  the 
physical  constants  appearing  in  the  expres- 
sion are  known.  Since  spectroscopic  measure- 
ments are  among  the  most  precise  attain- 
able, use  of  an  experimental  value  of  R  for 
a  hydrogenic  type  atom  may  be  considered 
as  an  alternative  means  of  arriving  at  the 
other  constants.  The  value  derived  for  R 
on  the  assumption  of  infinitely  heavy  nu- 
cleus may  be  modified  readily  by  considering 
the  effect  of  finite  mass  of  the  nucleus  about 
a  common  center  of  gravity.  In  this  instance 
it  is  correct  according  to  classical  mechanics 
to  replace  the  electron  mass  m  by  a  reduced 
mass,  designated  M,  where 


In  this  instance  M  is  the  mass  of  the  nucleus. 
In  an  experimental  determination,  as  in  the 
instance  of  hydrogen,  it  is  the  Rydberg  con- 
stant appropriate  to  the  element  that  is 
found.  This  may  be  transformed  into  the 
value  for  infinitely  heavy  nucleus  by  using 
the  formula, 


One  of  the  interesting  puzzles  solved  by 
making  use  of  the  simplified  form  of  the 
Bohr  model  was  the  interpretation  of  a  series 
of  lines  first  observed  in  certain  stellar  spec- 
tra, and  named  for  its  discoverer  the  Picker- 
ing series.  This  series,  originally  believed  to 
originate  in  some  form  of  hydrogen  unknown 
in  laboratory  sources  because  the  alternate 
members  coincided  with  the  Balmer  lines, 
was  explained  by  Bohr  as  originating  in 
ionized  helium.  Here,  of  course,  Z  =  2,  and 
the  previously  derived  formula  for  the  wave 
numbers  in  a  hydrogenic  series  becomes 


4JB 


(a  ~  a) 


In  the  Pickering  series  n\  is  4  and  n2  takes 
running  values  5,  6,  7,  ...  As  in  the  instance 
of  hydrogen  other  series  are  possible  that 
are  given  respectively  by  the  choice  of  ni  as 
1,  2,  or  3,  with  n2  starting  with  running 
values  larger  by  1  in  each  instance.  All  of 
these  series  have  been  observed. 

The  laboratory  counterpart  of  the  Picker- 
ing series  was  first  observed  by  Fowler  in 
1914  at  the  Imperial  College  in  London. 
Precise  measurements  of  the  wavelengths  of 
the  members  of  this  series  showed  small  but 
measurable  differences  between  the  wave- 
lengths of  the  members  of  the  Balmer  series 
of  hydrogen  and  the  lines  of  the  series  of  the 
spectrum  of  ionized  helium  that  fall  in  the 
same  locations.  It  was  shown  that  these 
wavelength  differences  could  be  explained 
completely  on  the  basis  of  the  difference  in 
nuclear  mass  associated  with  hydrogen  and 
helium.  The  presently  accepted  values  of  the 
Rydberg  constant  that  are  applicable  to  this 
problem  are  quoted  as  follows.*2*  * 

Rydberg  constant  for  infinite  mass, 

R  -  109737.31  =fc  0.01  cmr* 
Rydberg  constant  for  hydrogen, 

BH  -  109677.58  db  0.01  cnr* 

Rydberg  constant  for  helium, 

foe  -  109722.40  ±  0.05  cm"1 
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The  next  hydrogenic  spectra  in  order  may 
be  similarly  formulated 


Li  III,   v 


(a  a) 
(iira) 


Be  IV,    v  -  16JB 


These  were  discovered  in  1930  by  Edl6n  and 
Ericson4  at  the  University  of  Lund.  Even- 
tually the  sequence  was  extended  by  Edl&i 
and  his  students  as  far  as  0  VIII,  the  last 
being  contributed  by  TyrSn  in  1940.  This  is 
an  example  of  what  is  called  an  isoelectronic 
sequence,  a  set  of  spectra  originating  in  ions 
of  elements  of  ascending  order  of  atomic 
number,  but  with  identical  electron  config- 
urations. 

Another  striking  example  of  the  nuclear 
mass  effect  is  the  displacement  of  lines  origi- 
nating in  deuterium,  the  isotope  of  hydrogen 
of  atomic  mass  2,  discovered  by  XJrey, 
Brickwedde,  and  Murphy  in  1932.6 

In  series  calculations  involving  non-hy- 
drogenic  spectra,  R*  is  generally  employed, 
the  mass  correction  being  taken  care  of  by 
adjustment  of  the  series  constants. 

Even  when  first  introduced,  the  model  en- 
visioning circular  orbits  was  regarded  as  an 
oversimplification.  Particularly  in  the  IhOTcte 
of  Sommerfeld  it  assumed  a  more  general 
form  in  which  the  orbits  were  represented  by 
Keplerian  ellipses,  among  which  the  circle 
could  be  included  as  a  special  case.  The 
energy  associated  with  orbital  motion  in  a 
circle  of  given  diameter  is  equal  to  that  in  an 
ellipse  having  a  major  axis  for  the  same 
length.  Hence  the  introduction  of  ellipses 
should  not  affect  the  values  of  the  hydro- 
genic energy  levels  or  the  pattern  of  the 
spectrum.  There  is,  however,  an  expected 
relativistic  mass  effect  associated  with  the 
change  of  velocity  near  perihelion.  This 
should  lead  to  a  precession  of  the  perihelion 
analogous  to  that  occurring  in  the  orbit  of 
the  planet  Mercury.  The  relativistic  correc- 
tion derived  by  Sommerfeld  accounted  for 
the  observed  fine  structure  of  hydrogen  lines 


with  reasonable  precision  although  further 
refinements  were  eventually  needed.  In 
accordance  with  selection  rules  that  came 
out  of  subsequent  elaboration  of  the  theory 
no  transitions  would  be  possible  between 
hydrogenic  orbits  if  they  were  all  circular. 
It  is  necessary  that  transitions  be  between 
orbits  of  different  eccentricity.  As  previously 
explained,  the  f ormalization  of  the  quantum 
conditions,  which  is  attributed  independently 
to  Wilson  and  Sommerfeld,  requires  that 
each  degree  of  freedom  be  quantized  sepa- 
rately. In  an  elliptic  orbit  the  two  degrees  of 
freedom  are  associated  with  the  azimuth 
angle  and  radius  drawn  from  the  focus  which 
describe  the  position  of  the  electron  in  polar 
coordinates.  Application  of  the  quantum 
conditions  leads  to  the  introduction  of  two 
new  quantum  numbers  called  the  azimuthal 
and  radial  quantum  numbers  and  originally 
designated  k  and  r.  These  are  integers  con- 
nected by  the  relation  k  +  r  =  n.  The  sig- 
nificance of  n  has  been  discussed.  Later  de- 
velopments, particularly  those  associated 
with  the  introduction  of  wave  mechanics, 
have  led  to  the  replacement  of  k  by  a 
quantum  number  designated  I,  which  has 
the  same  general  significance,  but  is  1  less 
than  k  in  a  given  situation.  It  turns  out  that 
the  ratio  of  fc  to  n  is  the  same  as  that  of  the 
minor  to  major  axis  of  the  ellipse,  with  the 
result  that  when  r  =  0,  or  k  =  n  the  orbit 
is  circular. 

In  order  to  harmonize  formulations  de- 
rived on  the  basis  of  the  orbital  model  with 
purely  quantum-mechanical  developments 
it  is  frequently  necessary  to  replace  k  by 
Vl(l  +  1),  usually  designated  Z*  The 
representation  of  the  angular  momentum 
quantum  vector  as  l*h/2ir  is  particularly  im- 
portant in  the  treatment  of  multiple-term 
structure  and  Zeeman  effect. 

Although  the  introduction  of  elliptical 
orbits  made  no  large-scale  modifications  of 
the  structure  of  hydrogenic  spectra,  the 
orbital  form  is  quite  important  in  the  in- 
stance of  atoms  possessing  more  than  one 
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electron.  In  a  relatively  simple  case,  such  as 
an  alkali,  we  envision  a  single  valence  elec- 
tron circulating  about  an  inner  core  or  cloud 
of  electrons  surrounding  the  nucleus.  The 
energy  will  be  vastly  different  depending  on 
whether  the  electron  remains  outside  or 
penetrates  the  core  even  when  orbits  are 
compared  that  have  the  same  major  axis. 
This  is,  of  course,  a  consequence  of  the 
screening  of  the  nucleus  by  the  extranuclear 
structure.  The  effective  nuclear  charge  is 
therefore  subject  to  significant  variation. 
The  small  differences  that  appear  as  fine 
structure  in  hydrogen  have  as  their  counter- 
part the  various  spectral  series  that  were 
found  first  in  the  alkalis  and  designated  in 
empirical  fashion,  principal,  sharp,  diffuse, 
and  fundamental. 
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CERAMICS  ANALYSIS:  GENERAL  APPLICATION 

The  many  ceramic  compositions  repre- 
sented by  glass,  porcelain  enamel,  glazes, 
refractories,  whitewares,  and  structural  clay 
products  make  interesting  problems  for 
spectrochemical  analysis  since  most  of  them 
are  silicates  which  defy  rapid  wet  analysis. 
Porcelain  enamel  frit  alone  may  contain 
over  one  per  cent  of  some  of  twenty-five 
oxides;  twelve  of  these  oxides  may  in  turn 
occur  over  the  ten  per  cent  level.  In  addi- 
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tion,  other  trace  elements  may  be  present, 
representing  much  of  the  periodic  table,  and 
exceeded  only  by  geochemical  samples  in 
diversity. 

No  monograph  on  ceramic  spectrochemi- 
cal methods  is  available,  but  L.  H.  Ahrens' 
"Quantitative  Spectrochemical  Analysis  of 
Silicates"  (Addison-Wesley,  Cambridge, 
1955)  is  an  excellent  source  of  information  on 
the  d.c.  arc  analysis  of  natural  silicates.  The 
best  collection  of  methods  is  in  the  A.S.T.M. 
"Methods  for  Emission  Spectrochemical 
Analysis"  (1957).  Articles  on  British,  Ger- 
man and  Russian  work  appear  to  be  fully  as 
prominent  as  American  articles.  Prominent 
workers  include  E.  K.  Jaycox,  R.  W.  Smith, 
W.  Ward,  and  F.  Hegemann. 

Considerable  analytical  work  is  performed 
on  the  raw  materials  themselves,  but  anal- 
ysis of  the  finished  compositions  may  be 
important.  Unlike  metals  manufacture,  anal- 
yses and  composition  alterations  are  not 
attempted  on  the  molten  batch  of  glass  or 
product  being  fired.  The  simplest  analyses 
involve  mixing  the  powdered  sample  with 
graphite  and  other  diluents  or  buffer  mate- 
rial to  render  the  sample  more  conducting, 
and  burning  to  completion  in  a  d.c.  arc, 
generally  at  10  to  15  amperes.  The  diluents 
produce  a  more  stable  arc  and  decrease  the 
reversal  of  some  of  the  element  lines.  Vola- 
tility differences  of  the  constituent  oxides  are 
important  in  determining  arcing  conditions 
and  the  selection  of  an  internal  standard. 

Semi-quantitative  methods  are  useful  be- 
cause they  may  be  applied  to  a  wide  variety 
of  compositions.  If  the  analysis  is  to  be  made 
quantitative,  standards  should  resemble 
samples  rather  closely.  Most  quantitative 
methods  are  for  oxides  below  five  per  cent. 
The  precision  attained  at  higher  percentages 
is  often  insufficient,  although  some  methods 
are  designed  for  high  percentages. 

In  addition  to  d.c.  arc  methods,  solution- 
spark  and  briquet-spark  methods  are  often 
used.  The  solution  follows  a  fusion  of  the 
sample  and  may  be  sparked  directly  or  after 
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drying.  Precision  is  improved  with  some 
sacrifice  in  speed  and  sensitivity.  Samples 
fused  with  carbonate  and  borate  and  bri- 
quetted  with  graphite  make  excellent  sam- 
ples for  sparking  and  even  direct  reader 
analysis,  as  exemplified  by  the  general 
method  of  W.  H.  Tingle  and  C.  K  Matocha 
(Analytical  Chemistry,  30,  494,  1958). 

Emission  spectrographic  analysis  can  be 
used  for  a  complete  oxide  analysis  of  ceram- 
ics. Glasses  containing  phosphates  and 
fluorides  require  additional  exposures.  A 
more  sensitive  emulsion  (such  as  Eastman 
103-0)  than  is  normally  used  will  greatly 
improve  the  detection  of  the  2534-2554  A 
phosphorus  quartet.  An  emulsion  sensitive 
in  the  visible  region  facilitates  detection  of 
traces  of  alkalies  and  permits  the  determina- 
tion of  fluoride,  making  use  of  calcium  or 
strontium  salt  additions  and  the  measure- 
ment of  CaF  or  SrF  bandheads. 

D.  C.  SPINDLBE 

CERAMICS  ANALYSIS  TECHIQUES* 

The  numerous  methods  that  have  been 
described  for  the  spectrographic  determina- 
tion of  both  trace  and  major  constituents  on 
non-conducting  materials  can  be  divided  into 
three  principal  groups  according  to  the  way 
in  which  the  sample  is  prepared  for  and  in- 
troduced into  the  discharge: 

(1)  The  finely  ground  material,  or  mate- 
rial mixed  with  another  substance  which 
acts  as  an  internal  standard  and/or  spectro- 
graphic buffer,  is  placed  in  a  cavity  made  in 
the  lower  of  two  pure  graphite  or  carbon 
electrodes,  usually  the  anode,  and  is  then 
volatilized  in  a  D.C.  arc. 

Ahrens1  described  methods  of  this  type 
which  he  used  in  the  determination  of  trace 
constituents  in  rocks.  Kvalheim2  used  beryl- 
lium carbonate  as  an  internal  standard  and 
added  in  addition  NaCl  and  graphite  as 
buffers.  Jaycox8  estimated  major  constit- 

*  Abridged  version  of  paper  in  Trans.  Brit. 
Cer.  Soc.,  57,  218  (1958).  By  permission. 


uents  by  dilution  of  the  sample  with  graphite 
and  CuO,  which  served  both  as  a  buffer  and 
as  an  internal  standard,  while  Fitz  and 
Murray4  investigated  a  technique  for  very 
small  specimens,  Ba(N08)2  being  used  as 
internal  standard  and  (NHO>S04  as  buffer. 
More  recently  Anthony,  Chandler  and 
Huckaboy6  described,  for  the  determining 
of  SiC>2  present  as  a  major  constituent,  a 
method  in  which  the  sample  is  mixed  with 
large  amounts  of  Ge  powder  and  graphite. 

(2)  The  finely  ground  sample  is  mixed 
with    briquetting    graphite,    and   internal 
standard  and  a  flux,  and  pressed  into  a 
briquette.  A  controlled  spark  discharge  is 
used  for  excitation.  Zander  and  Terry6  mill 
0.3  to  0.75  g  of  sample  with  1  g  of  graphite 
and  0.25  g  of  internal  standard,  which  is 
either  TiOa  or  Fe20a ,  and  varying  amounts 
of  LiaCOs  as  a  flux.  The  mixture  is  then 
pressed  at  2,000  to  2,600  psi  in  a  ^-in. 
mold. 

(3)  The  material  is  brought  into  solution 
and  the  solution  is  sparked  either  directly 
or  after  being  allowed  to  soak  into  a  graphite 
rod.  Feldman7  used  a  porous  graphite  cup 
with  a  thin  base  through  which  the  solution 
passes;  a  panel8  of  the  British  Non-ferrous 
Metals  Research  Association  has  described 
a  copper  cup  method  for  sparking  the  solu- 
tion directly,  and  Harvey9  used  a  rotating 
graphite  disc,  its  lower  edge  dipping  into  the 
liquid  and  a  spark  passing  between  its  upper 
edge  and  a  graphite  counter. 

Muir  and  Ambrose10  use  a  cupped  graphite 
electrode  which  has  been  heated  to  about 
900°C  for  a  few  minutes.  After  a  60-sec 
pre-spark,  0.05  ml  of  the  solution  is  dropped 
into  the  cup  and,  after  the  solution  has 
soaked  in,  a  spark  discharge  is  passed  be- 
tween the  cupped  and  graphite  counter  elec- 
trode. 

Methods  Used 

Qualitative  Analysis.  Although  stand- 
ard procedures  of  qualitative  analysis  can  be 
applied  to  ceramic  materials,  care  must  be 
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exercised  in  the  method  of  excitation.  These 
materials  usually  consist  of  elements  of 
widely  differing  volatility  and  if,  for  exam- 
ple, a  glaze  containing  ZrO2  is  arced  in  a 
cavity-type  electrode,  the  more  volatile  ele- 
ments may  distil,  leaving  a  molten  bead  rich 
in  Zr02  in  the  crater.  If  this  bead  is  not 
volatilized  before  the  walls  of  the  crater  are 
all  burnt  away,  the  bead  may  drop  or  spurt 
from  the  electrode,  with  low  or  even  negative 
results  for  the  amount  of  zirconium  in  the 
sample.  In  our  opinion  it  is  advisable  there- 
fore when  dealing  with  such  materials  to 
spread  the  finely  divided  material  onto  a 
flat-topped  electrode;  on  arcing,  the  sample 
tends  to  form  a  large  number  of  small  beads 
which  volatilize  more  readily  than  a  single, 
larger,  bead. 

Erode11  has  described  in  detail  a  number 
of  methods  of  identifying  the  elements  pres- 
ent. The  method  we  use  is  a  development  of 
the  R.TJ.  (raies  ultimes)  powder  technique 
developed  by  the  G.E.C.  research  labora- 
tories. The  R.U.  powder  base  consists  of  a 
mixture  of  ZnO,  MgO  and  CaO.  The  spec- 
trum obtained  from  this  powder  is  recorded 
in  juxtaposition  with  those  obtained  from 
an  Fe-arc  and  the  unknown  by  means  of  a 
Hartmann  diaphragm.  With  the  aid  of  en- 
largements of  the  R.U.  spectrum12  shown  in 
juxtaposition  to  an  iron  arc  on  which  lines 
are  identified,  fairly  rapid  qualitative  analy- 
sis can  be  made.  In  the  method  used  in  this 
laboratory  a  borosilicate  glass  containing 
some  25  elements  commonly  encountered  in 
ceramic  analysis  is  used.  This  glass  burns 
more  smoothly  than  the  R.U.  powder,  pro- 
ducing very  little  background  and  practically 
no  CN  bands,  which  are  suppressed  by  the 
sodium  and  boron.  The  enlargements  were 
prepared  by  using  the  standard  projector  as 
an  enlarger  and  mounting  the  photographs 
on  the  edge  of  a  card  on  which  line  identities 
are  recorded.  No  iron  reference  spectrum  is 
required,  since  the  line  pattern  is  character- 
istic and  can  easily  be  lined  up  with  the 
projected  image  of  an  unknown  recorded  in 
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juxtaposition  with  the  trace-element  glass, 
since  both  are  enlarged  to  the  same  extent. 
Quantitative  Analysis*  Raw  Materials. 
It  is  essential  to  obtain  a  series  of  ac- 
curately analyzed  samples  covering  the 
range  within  which  analyses  are  expected  to 
fall.  Such  samples  are  not  always  available 
and  the  method  used  to  prepare  such  stand- 
ards is  described.  A  quantity  of  the  purest 
obtainable  material  is  first  well  mixed  and 
carefully  analyzed.  Four  or  five  10-g  portions 
are  weighed  out  into  platinum  dishes  and 
varying  quantities  of  a  solution  that  con- 
tains the  impurities  being  sought  is  run  into 
each.  The  mixtures  are  then  evaporated  to 
dryness,  with  constant  stirring,  on  a  water 
bath.  The  residue  is  finally  baked  at  110°C 
and  ground  by  means  of  an  agate  mortar 
and  pestle.  If ,  as  in  the  case  of  Co304  and 
NiO,  the  amounts  to  be  added  are  too  large 
to  be  conveniently  added  as  solution,  the 
oxides  are  mixed  together  with  a  little  water 
and  milled  in  a  small  ball-mill.  Substances 
which  are  soluble  in  water  are  milled  dry. 

The  electrodes  used  throughout  are 
J.M.2.B.  65  TYim  of  pure  graphite.  Some  of 
the  samples  are  mixed  with  twice  their 
weight  of  pure  graphite  before  arcing  in  an 
undercut  cavity  electrode  while  others  are 
loaded  into  the  cavity  with  no  admixture. 
Both  types  of  specimen  are  covered  with  a 
thin  layer  of  graphite  before  the  arc  is 
struck.  With  samples  of  sand  and  quartz  the 
finely  ground  material  is  spread  on  a  flat- 
topped  electrode.  An  8-mm  electrode  gap  is 
used  for  all  D.C.  work  (see  Table  1). 

Rutile  has  an  exceptionally  complex  spec- 
tra and,  although  the  iron  content  can  be 
determined  by  the  method  already  detailed, 
the  Cr  and  V  require  a  preliminary  chemical 
separation  owing  to  the  close  proximity  of 
interfering  Ti  lines  to  the  sensitive  Cr  and 
V  lines. 

One  grain  of  the  sample  is  mixed  with  0.75 
g  of  anhydrous  Na2COs  and  0.05  g  of  NaF. 
These  constituents  are  ground  together  by 
means  of  an  agate  pestle  and  mortar,  and 


TABLE  1.  SUMMARY  OF  RAW  MATERIAL  METHODS 


Material 

Slit  width 
(mm) 

Lines  used 

Remarks 

Materials  mixed 

Alumina 

0.02 

Al  (control)  3066 

The  hydrated  material  must 

with  graphite  in 

Si  2881 

be  ignited  before  use 

the  ratio 

Fe3020 

1  sample: 

Cu3274 

2  graphite 

Calcspar 

0.02 

Ca  (control)  3180 

The  arc  is  likely  to  be  a  little 

Fe3020 

erratic 

Mg2802 

Cu3274 

Cr4254 

Cobalt  oxide 

0.02 

Co  (control)  3098 

Fe3020 

Ni  3101 

Copper  oxide 

0.02 

Cu  (control)  3012 

Fe3020 

Fluorspar 

0.01 

Ca  (control)  3180 

Light  emission  is  very  in- 

Si 2881 

tense,  hence  the  use  of 

Fe3020 

0.01  slit.  CaCO,  ,  which  is 

Pb2614 

also  an  impurity  in  this 

Mn2798 

substance,    is   estimated 

Cu3247 

chemically 

A13092 

Manganese  dioxide 

0.02 

Mn  (control  3022 

Fe3020 

Nickel  oxide 

0.02 

Ni  (control)  3032 

Fe3020 

Co  3044 

Titanium  oxide 

0.02 

Ti  (control)  3231 

Exposure  30-40  sec.  For  Cr 

Fe3020 

and  V  see  under  solution 

methods 

Materials  not 

Antimony 

0.02 

Sb  (control)  2860 

Exposure  25-35  sec.  Sample 

mixed  with 

As  2349 

melts  on  arcing  but  burns 

graphite 

Pb2614 

weU 

Fe3020 

Cu3274 

Barium  carbonate 

0.02 

Ba  (control)  3262 

Fe3020 

Cu3274 

Zinc  oxide 

0.02 

Zn  (control)  3018 

This  substance  is  likely  to 

Pb  2614 

splutter  a  little  until  the 

Fe3020 

arc  is  established 

Cu  3273 

Material  arced 

Sand  and  quartz 

0.02 

Si  (control)  2532 

on  a  flat-topped 

(ground  fine) 

Fe3020 

electrode 

A13092 

Cu3274 

Cr4264 

125 


EMISSION  SPECTROSCOPY— LIGHT 


then  sintered  at  dull  red  heat  in  a  closed 
platinum  crucible.  The  cake,  which  can 
easily  be  broken  down  with  a  glass  rod,  is 
leached  with  30  ml  of  boiling  water,  the  Ti 
remaining  insoluble  while  the  Cr  and  V  pass 
into  solution.  The  solution  is  then  acidified 
with  HNOs  and  10  ml  of  a  solution  of  Cu- 
(N08)2  containing  the  equivalent  of  50  g 
CuO  per  liter  is  added.  The  total  bulk  is 
then  made  up  to  50  ml  in  a  graduated  flask. 

A  6.5  mm  X  30  cm  J.M.2.B.  graphite  rod 
is  cut  up  into  jhrin.  lengths  and  the  ends  are 
filed  square  with  a  sharp  file.  These  elec- 
trodes are  then  placed  in  a  closed  platinum 
vessel  and  heated  at  1,000°C  for  20  min.  An 
electrode,  so  prepared,  is  mounted  in  a  small 
vice  set  in  the  de  Gramont  spark  stand  and 
a  flat  counter  electrode  is  set  4  mm  away. 
A  simple  condensed  spark  is  run  for  20  sec, 
after  which  0.05  ml  of  the  solution  is  dropped 
onto  the  surface.  The  solution  takes  about 
60  sec  to  soak  in,  after  which  the  spark  is 
run  for  60  sec.  Cu  2961  is  used  as  the  control 
line;  Or  4254  and  V  3184  are  used  as  analysis 
lines. 

Frits  and  Glazes.  The  solution  method  de- 
scribed above  is  used  for  the  determination 
of  major  constituents  in  frits,  glazes,  etc. 
The  main  difficulty  is  in  finding  a  suitable 
method  of  bringing  the  substance  into  solu- 
tion. The  best  method  we  have  found  is  to 
mix  1  part  of  sample  with  5  parts  of  Na2COs 
and  5  parts  of  Na2B407  and  fuse  in  a  plati- 
num crucible  at  1,000°C  for  a  time  that  de- 
pends on  the  composition.  Enamel  frits  fuse 
fairly  readily,  whereas  high-alumina  clays 
and  refractories  require  about  30  min.  The 
melt  is  shattered  by  rapid  cooling  and  dis- 
solved in  30%  v/v  HNOs  at  room  tempera- 
ture. Under  these  conditions  neither  Si02 
nor  Sb208  is  precipitated,  but  if  much  Ti02 
is  present  it  must  be  complexed  by  the 
addition  of  5  ml  20  vol.  H202  with  the  acid. 
The  10  ml  of  copper  internal  standard  is 
then  added  and  the  bulk  is  brought  to  50 
ml.  The  procedure  is  then  exactly  the  same 
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as  that  described  under  the  analysis   of 
rutile.17 

Fluorine.  The  excitation  potential  of  the 
lowest  energy  line  is  very  high  and  in  conse- 
quence the  spectrographer  cannot  readily 
make  use  of  the  atom  lines  of  this  element 
for  analysis.  In  1926,  however,  Ryde  and 
Yates  suggested  the  use  of  a  CaF  band  for 
the  determination  of  fluorine  and  the  band 
head  at  5291  is  most  often  used.  The  excita- 
tion potential  of  CaF  5291  is  very  low,  and 
its  emission  is  only  observed  in  the  early 
stages  of  the  discharge.  An  excess  of  Ca  must 
be  present  and  even  if  the  sample  contains 
Ca  it  is  advisable  to  add  a  further  quantity. 
Hughes18  used  electrodes  steeped  in  a  sat- 
urated solution  of  CaCl2 ,  but  most  workers 
mix  the  sample  with  CaCOs  and  graphite 
before  loading  the  electrodes;  this  ensures 
that  a  large  excess  of  Ca  atoms  is  available 
at  the  commencement  of  the  discharge, 
otherwise  the  very  volatile  fluorine  may 
escape  before  the  CaF  molecule  is  formed.14 
The  standards  for  this  work  were  prepared 
by  melting  five  glasses  in  a  small  gas-fired 
pot  furnace.  Fluorine  is  lost  during  the  melt- 
ing process  and  careful  chemical  analyses 
were  made  of  each. 

The  glasses  were  ground  in  agate  to  pass 
a  200-mesh  sieve  and  1  part  of  glass,  1  part 
of  CaCOs  and  4  parts  of  graphite  were  mixed 
by  grinding  together,  before  being  loaded 
into  the  electrode  cavity.  In  order  to  deter- 
mine the  exposure  period,  a  curve  of  in- 
tensity against  time  was  plotted.  Approxi- 
mately 15  mg  of  the  mixture  is  arced  and, 
75%  of  the  fluorine  is  evolved  in  the  first 
25-30  sec  and  all  has  been  volatilized  by  70 
sec.  Immediately  after  the  fluorine  has 
volatilized,  background,  probably  due  to 
CaO  emission,  becomes  intense  and  it  is 
inadvisable  to  prolong  the  exposure;  in  this 
work  the  exposure  was  for  75  seconds.  If  no 
very  great  variations  in  the  Ca  content  of 
the  samples  are  encountered,  it  is  possible 
to  use  a  Ca  line  as  internal  standard.  Ca 
5265  was  used  with  success  but  in  samples 
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where  the  Ca  content  varied,  no  suitable 
internal  standard  could  be  found. 

Accuracy 

Much  has  been  written  on  the  accuracy  to 
be  expected  with  spectrographic  methods  of 
analysis,15  and  workers  in  this  field  differ  as 
to  what  percentage  deviation  constitutes  a 
quantitative  and  what  constitutes  a  semi- 
quantitative  analysis.  Extensive  work  has 
not  been  carried  out  on  the  accuracy  of  the 
methods  described,  but  from  the  results  of 
replicate  analysis  and  periodic  chemical 
checks  it  can  be  stated  that  with  the  raw 
material  control  analyses  using  D.C.  arc 
excitations  a  deviation,  at  best,  of  ±10-15  % 
of  the  amount  of  an  impurity  present  can  be 
expected.  In  the  case  of  the  solution-spark 
technique  the  deviation  is  about  d=4%  for 
all  the  elements  determined  except  Si02 ,  for 
which  a  deviation  of  approximately  ±6% 
was  found. 

Since  the  impurities  in  ceramic  raw  ma- 
terials rarely  exceed  1  %  and  are  mostly  less 
than  0.5%,  the  accuracy  of  the  D.C.  arc 
methods  described  are  adequate.  Whether 
the  determination  of  major  constituents  by 
the  solution  method  is  sufficiently  accurate 
will  depend  on  the  requirements,  but  for 
most  work  it  is  adequate  for  constituents  not 
exceeding  20%.  However,  the  results  ob- 
tained for  constituents  present  even  up  to 
70%  may  be  of  great  value  when  time  is 
short. 

From  time  to  time  considerable  deviations 
occur  in  single  analyses,  which  can  be  at- 
tributed to  bad  sampling.  Since  the  size  of 
sample  actually  consumed  in  the  discharge 
is  small,  great  care  must  be  exercised  in 
sampling.16  It  is  advisable  in  all  cases  to 
carry  out  the  determinations  at  least  in 
triplicate,  using  separate  samples  if  possible. 
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J.  F.  BEOWN 
COMPLEX  SPECTRA* 


The  extension  of  the  concepts  and  rules, 
developed  for  one-electron  spectra,  to  include 
those  originating  in  atomic  configurations 
having  more  than  one  electron  is  fairly 
straightforward.  The  designation  complex 
spectra  emphasizes  both  the  less  obvious 
character  of  the  regularities  and  the  gen- 
erally higher  population  density  of  spectral 

*  The  fifth  in  a  consecutively  developed  series 
of  articles  on  the  fundamentals  of  Optical  Emis- 
sion Spectra:  see  Introduction:  Designation  and 
Description  of  Spectra  for  list  of  topics,  p.  202. 
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lines.  Some  authors  prefer  to  subdivide  these 
widely  varying  spectral  types  into  several 
categories,  including  the  fairly  simple  triplet- 
series  spectra  originating  in  two-electron 
configurations,  such  as  those  of  zinc,  cad- 
mium and  mercury,  the  moderately  complex 
multiplet-pattern  spectra  of  the  long  pe- 
riods, and  the  extremely  complex  and 
densely  populated  spectra  of  the  rare 
earths. 

The  conventional  treatment  of  the  or- 
dinary features  of  complex  spectra  follows 
the  Hund  theory,  and  the  vector  model  first 
used  by  Land4.  Hund  was  the  first  to  ac- 
count for  the  energy  levels  by  the  combined 
effect  of  the  valence  electrons.  According  to 
the  vector  model,  the  various  angular  mo- 
menta are  treated  as  vectors  and  combined 
according  to  a  coupling  scheme.  The  cou- 
pling scheme  operating  in  the  instance  of 
spectra  having  the  most  regular  intervals  and 
intensities  in  multiple  features,  and  the  only 
one  to  be  discussed  in  this  article,  is  Russell- 
Saunders,  or  LS  coupling.  In  the  modern 
treatment  each  electron  is  characterized  by 
an  orbital  angular  momentum  I  and  a  spin 
angular  momentum  s.  According  to  the  LS- 
coupling  scheme,  the  Z-vectors  are  coupled 
together  to  form  a  resultant  L,  and  the  8 
vectors  are  coupled  to  form  a  resultant  S. 
These  resultants  combine  vectorially  to  form 
the  resultant  J.  Physically  this  means  that 
the  interactions  between  the  Z-values  and 
the  interactions  between  the  s-values  are 
very  much  stronger  than  the  respective  mag- 
netic spin-orbit  interactions  of  the  type 
list .  The  resultant  L  or  total  orbital  angular 
momentum  determines  the  character  of  the 
spectral  term,  following  a  scheme  analogous 
to  the  one  listed  for  doublet  terms  of  one- 
electron  spectra. 

L-value    012     3    4  ... 
Term       8   P    D    F    O . . . 

The  resultant  S  determines  the  multiplicity, 
which  is  always  equal  to  28  +  1.  Attention 
is  called  to  an  ambiguity  in  the  notation  re- 
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quiring  a  distinction  to  be  drawn  between 
the  vector  resultant,  S,  and  the  designation 
S-term,  the  latter  being  a  term  of  L-value 
zero.  The  individual  s-values,  it  will  be  re- 
membered, are  always  equal  to  %.  The  struc- 
ture of  the  multiple  term  may  be  understood 
when  we  note  the  possibilities  associated 
with  the  vector  combination  of  L  and  S  to 
yield  the  total  angular  momentum  ,7. 

Suppose  we  consider  the  two-electron 
case.  The  s-values  may  combine  to  form  a 
resultant  0,  or  1.  S  -  0  corresponds  to  a 
singlet  because  its  combination  with  L  pro- 
duces no  effect.  When  S  =  1,  we  have  a 
triplet  because  the  possible  vector  combina- 
tions are  L  +  1,  L  +  0,  and  L  -  1.  These 
possibilities  are  shown  in  the  accompanying 
vector  diagram  for  a  selected  type  term. 


r.j«o 


Term 

FIG.  1.  Vector  diagram  illustrating  develop- 
ment of  multiple  levels  for  a  'P  term. 

The  multiplicities  associated  with  the  S- 
values  are  as  follows: 

8  0    %    1    1J£    2    2K 

Multiplicity    1234       56 

The  multiplicity  is  always  specified  accord- 
ing to  the  S-value,  but  is  not  always  re- 
alized. Thus  an  S-term,  that  is  one  of  L-value 
zero,  is  always  single.  An  actual  five-fold 
term  is  only  reached  for  .D-tenns  and  those 
of  greater  L  value.  A  quintet  P-term  has 
only  three  possible  levels  with  J-values 
1,  2,  3.  The  possible  J-values  for  a  given  L 
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and  S  may  be  written  down  readily  by  re- 
membering that  /  can  take  all  possible  values 
in  steps  of  one  from  the  difference  to  the 
sum  of  L  and  S.  Complete  tables  of  possible 
multiplicities  for  n  electrons  and  /-values  of 
multiplets  are  to  be  found  in  the  "American 
Institute  of  Physics  Handbook." l  It  is  to  be 
noted  that  the  highest  multiplicity  that  can 
be  realized  is  11. 

It  might  be  expected  that  it  would  be 
possible  to  predict  all  possible  terms  for 
any  configuration  of  valence  electrons  with 
known  Z-values.  The  Pauli  exclusion  prin- 
ciple sets  up  a  limitation  of  this  possibility 
when  the  configuration  includes  equivalent 
electrons,  that  is  those  of  the  same  n-  and 
Z-values.  In  addition  to  the  three  quantum 
numbers,  n,  Z,  and  s,  associated  with  an 
electron,  the  quantum  theory  requires  two 
others,  the  magnetic  quantum  numbers  mi 
and  ms .  These  are  thought  of  as  the  quan- 
tized projections  of  Z  and  s  on  the  magnetic 
axis  when  a  field  so  intense  is  applied  to  the 
atom  that  all  couplings  are  broken  and  the 
vectors  Z  and  s  precess  independently  about 
the  axis.  The  Pauli  principle  states  that  pre- 
cisely the  same  sets  of  quantum  numbers 
cannot  be  duplicated  in  a  given  atom.  By 
tabulating  the  possible  sets  of  m,  and  mi 
for  a  given  configuration  of  equivalent  elec- 
trons, it  is  possible  to  arrive  at  the  resultant 
values  Ma  and  ML  and  thus  sort  out  the 
possible  resultant  S  and  L  values  to  predict 
allowed  terms.  These  procedures  are  out- 
lined and  illustrated  by  Hund  and  by 
White.2  To  give  an  example,  a  p2  configura- 
tion would  be  expected  to  yield  singlet  and 
triplet  S,  P,  and  I>  terms  (1S 1P 1D  *S  'P  'D). 
Applying  the  Pauli  principle,  only  18,  1D, 
and  8P  are  found  to  be  possible.  Complete 
tabulations  of  spectral  terms  arising  from 
•equivalent  s,  p,  d,  or  /  electrons  are  given  by 
White2  and  in  the  "American  Institute  of 
Physics  Handbook."1  An  important  fact  to  be 
noted  in  these  tables  is  that  the  array  of 
terms  for  a  given  configuration  of  equivalent 
-electrons  is  the  same  as  that  for  a  completed 


shell  of  the  same  class  of  electrons  less  the 
given  number.  For  instance,  six  p-electrons 
form  a  complete  shell.  Both  p2  and  p4  lead 
to  the  same  set  of  terms  J5,  ID,  8P.  There  is 
an  important  difference,  however.  In  gen- 
eral, the  ./-values  for  the  multiple  terms 
arising  from  configurations  comprising  less 
than  half  of  the  electrons  in  the  shell  are 
regular,  that  is,  terms  with  smaller  ./-values 
are  lower,  whereas  terms  from  configurations 
comprising  more  than  half,  such  as  p4  or  p5, 
are  usually  inverted. 

In  the  practical  application  of  the  vector 
addition  scheme,  to  arrive  at  the  number  and 
characterization  of  the  terms,  there  is  a 
slight  modification  that  generally  applies 
when  the  configuration  is  partly  composed  of 
nonequivalent  electrons.  A  kind  of  synthesis 
is  envisioned  according  to  which  the  electron 
configuration  of  an  atom  or  ion  is  built  up  by 
the  addition  of  an  electron  to  one  of  the 
possible  configurations  of  the  next  higher 
stage  of  ionization.  These  higher  ion  con- 
figurations, of  course,  account  for  the  various 
terms  of  the  next  spectrum.  The  terms  of  the 
spectrum  under  consideration  result  from  the 
addition  of  the  s-  and  Z-vectors  of  the  added 
electron  to  the  resultant  vectors  designated 
S'  and  L',  of  the  term  of  the  higher  spectrum. 
According  to  the  coupling  scheme  s  combines 
with  S'  to  form  a  resultant  S,  and  Z  com- 
bines with  l!  to  form  a  resultant  L.  L  and  S 
combine,  of  course,  to  form  the  final  re- 
sultant J,  characterizing  the  levels  of  the 
new  term.  The  term  of  the  ion  spectrum, 
characterized  by  £/  and  /S',  is  said  to  be  the 
parent  of  the  term  obtained  by  adding  the 
Z-  and  s-vectors  of  the  electron  completing 
the  configuration.  The  group  of  levels  arising 
from  the  addition  of  an  electron  (not  neces- 
sarily restricted  to  a  single  Z-value)  to  the 
configuration  of  a  given  parent  term  is  called 
a  family.  Permitted  transitions  between 
members  of  a  family  of  terms  are  more  in-  ' 
tense  than  others.  To  illustrate  the  origin 
and  lineage  of  terms  in  a  typical  spectrum,  a 
table  of  predicted  terms  of  Cl  I  is  introduced 
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as  an  example.  (This  is  a  reproduction  of     with  structure  in  the  limits.  For  instance, 
Table  17,  Vol.  I,  "Atomic  Energy  Levels." 8)     most  of  the  rare  gas  levels  form  series  ap- 
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This  leads  to  the  presentation  of  the  nota- 
tion for  the  complete  quantum  description 
of  a  level.  First  is  given  the  electron  con- 
figuration of  the  ion,  followed  in  parentheses 
by  the  designation  of  the  parent  term;  this  in 
turn  by  the  designation  of  the  added  elec- 
tron; and  finally  the  resultant  term  with  its 
j-subscript  to  distinguish  the  level.  The 
following  example  selected  from  C1I  is  a 
completely  described  multiplet.  Computed 
values  of  wave  numbers  are  shown  in  ap- 
propriate positions  as  level  differences.  Ob- 
served values  are  represented  by  incomplete 
numbers.  Intensities  are  shown  in  parenthe- 
ses. 


proaching  one  or  the  other  of  the  levels  of 
the  p5  2P  state  of  the  ion.  In  the  instance  of 
xenon,  these  doublet  limits  are  separated  by 
more  than  10,000  cmr1. 

When  one  examines  spectra  of  elements  in 
ascending .  or  descending  order  of  atomic 
numbers,  there  is  an  alternation  of  even  and 
odd  multiplicities,  something  that  is  to  be 
expected  since  the  multiplicity  depends  on 
the  summation  of  the  s-values  of  the  elec- 
trons that  contribute  to  the  spectrum. 

Iso-electronic  spectra  have  been  men- 
tioned in  connection  with  hydrogenic  spectra 
such  as  HI  ,  Hen ,  Lim ,  and  so  on.  An 
atom  of  any  element  has  the  same  external 
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FIG.  2.  Selected  multiple  line  pattern  in  01  I. 


The  various  series  in  a  spectrum  approach 
different  ion  limits,  according  to  the  fam- 
ily in  which  the  series-forming  levels  are 
grouped.  The  limiting  term  also  conforms 
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electron  configuration  as  that  of  the  singly 
ionized  atom  of  next  higher  atomic  number, 
and  therefore  the  same  number  of  terms  with 
the  same  set  of  quantum  designation,  al- 


COMPLEX  SPECTJtA 


though  different  in  actual  magnitude.  The 
same  applies  to  the  doubly  ionized  atom 
higher  by  two  in  the  atomic  number  se- 
quence, and  so  on.  Iso-electronic  sequences 
of  spectra  appear  in  this  manner.  Known 
examples  are  tabulated  in  "Atomic  Energy 
Levels."8  Nearly  all  known  spectra  are 
bracketed  in  some  iso-electronic  sequence. 

Selection  rules  governing  transitions  are 
not  to  be  considered  absolute,  but  rather  the 
expression  of  a  probability.  The  usual  rules 
may  not  hold  in  the  presence  of  perturbing 
influences  such  as  strong  electric  or  mag- 
netic fields.  Since  there  are  many  possibili- 
ties for  resultant  L  arrived  at  by  a  summa- 
tion of  vectors,  a  rigid  selection  rule  for  AL 
is  not  expected  and  is  not  found  in  many- 
electron  spectra.  Usually,  AL  =  0  or  =tl,  but 
transitions  with  AL  =  2  are  not  infrequent. 
The  rule  of  parity  is  generally  obeyed. 
Terms  are  said  to  be  of  even  or  odd  parity 
if  the  arithmetical  sum  of  the  Z-values  of  all 
the  electrons  is  even  or  odd.  Practically, 
this  means  that  one  needs  only  find  the  sum 
of  the  I's  for  p  and  /-electrons.  Transitions 
between  terms  of  the  same  parity  do  not 
occur  in  the  usual  case  of  dipole  radiation. 
In  this  situation  it  is  assumed  that  the  radi- 
ating field  around  an  atom  is  approximately 
equivalent  to  the  field  of  a  vibrating  electric 
dipole.  For  quadrupole  radiation  the  oppo- 
site rule  applies,  namely,  that  transitions 
between  terms  of  the  same  parity  occur. 
Interesting  examples  are  the  coronal  line, 
interpreted  as  the  transition  between  the 
levels  of  the  ground  doublet  of  Fe  XIV  and 
a  similar  transition  between  the  levels  of  the 
ground  doublet  of  the  first  spectrum  of  io- 
dine located  at  X13,149A.  The  Alrrule  for 
doublet  spectra  contains  the  parity  rule 
inherently.  The  selection  rule  for  /  is  that 
A J  a*  0  or  ±1,  the  transition  0  to  0  being 
excluded. 

The  formal  treatment  of  multiplet  separa- 
tions is  an  extension  of  that  discussed  for 
doublets  in  one-electron  spectra.  The  value 
of  the  energy  of  interaction  between  the 


spin  and  orbital  magnetism  in  the  one-elec- 
tron case  is  given  by  7  =  aZ*s*  cos  (Z*s*) 
which  leads  to  the  doublet  separation  if  we 
find  the  difference  in  the  values  of  7  for  the 
two  ./-values.  In  the  instance  of  Russell- 
Saunders  coupling,  all  electronic  spins  s» 
form  a  resultant  S  and  all  orbital  momenta 
Z,-  form  a  resultant  L,  while  S  and  L  finally 
combine  to  give  a  resultant  J.  The  total 
interaction  between  the  spins  and  the  re- 
spective orbits  of  the  electrons  is  then: 


cos  (*) 

the  barred  factor  indicating  an  average.  This 
leads  to  a  result  of  the  form 

r  =  AL*S*  cos  L*S* 
-  MA(J(J  +  1)  -  L(L  -hi)-  8(8  +  1)] 

The  latter  form  contains  the  interval  rule  of 
Land6.  If  we  consider  two  successive  levels 
of  the  same  multiplet  characterized  by  J  and 
J  —  1,  we  have 


The  subsequent  intervals  are  thus  propor- 
tional to  the  larger  value  of  J  corresponding 
to  one  of  the  two  adjacent  levels.  Goudsmit4 
derived  formulas  for  the  values  of  r  or  A  in 
cases  where  only  equivalent  electrons  were 
responsible  for  the  term.  It  was  possible  to 
express  A  in  terms  of  the  values  of  a«  for  the 
single  electrons  which,  of  course,  are  all 
equal.  In  a  simultaneously  published  paper 
Goudsmit  and  Humphreys6  showed  that  it 
was  possible  to  determine  A  for  other 
configurations  of  electrons.  In  general,  the 
method  was  to  consider  the  addition  of 
another  electron  to  a  group  for  which  A  is 
known,  and  to  obtain  a  new  A  in  terms  of 
that  of  the  original  group  and  at  of  the  new 
electron,  or  the  expression  for  A,  and  conse- 
quently that  for  the  total  separation,  may 
be  in  terms  of  a<  for  the  different  electrons. 
Examples  were  displayed  from  iron  and 
oxygen  spectra. 

It  is  expected  that  the  theoretical  scheme 
for  describing  complex  spectra  may  be  modi- 
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fied  considerably  as  a  result  of  a  new  treat- 
ment developed  by  Layzer6.  According  to 
this  scheme,  charge  Z  enters  explicitly  into 
all  predictions  of  level  positions.  Spectral 
terms  are  no  longer  assigned  to  definite  con- 
figurations, but  rather  to  more  comprehen- 
sive aggregates  called  complexes,  and  the 
notion  of  screening  takes  on  a  precise  quan- 
titative meaning. 
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CURTIS  J.  HUMPHREYS 

CURRENT  STATUS  OF  EMISSION 
SPECTROSCOPY* 

This  topic,  owing  to  the  temporary  valid- 
ity of  any  summary,  is  probably  most  suit- 
able for  treatment  in  periodic  review  arti- 
cles or  progress  reports.  Nevertheless,  it  is 
deemed  desirable  to  summarize  briefly  both 
what  has  been  accomplished  and  what  re- 
mains to  be  accomplished  in  the  observation 
and  analysis  of  spectra  and  to  call  attention 
to  new  developments  in  the  state  of  the  art 
that  open  up  new  areas  of  investigation  and 
make  the  experimental  approach  vastly 
different  from  what  it  was  in  the  period  of 
maximum  activity  around  1930. 

To  set  up  a  backdrop  for  the  discussion, 
it  is  noted  that  a  total  of  102  elements  has 
been  discovered,  counting  a  few  artificially 
created  ones,  of  which  only  trace  amounts 
have  been  isolated.  The  number  of  possible 
spectra  of  these  elements  and  their  ions  is 

*  The  ninth  in  a  consecutively  developed  series 
of  articles  on  the  fundamentals  of  Optical  Emis- 
sion Spectra:  see  Introduction:  Designation  and 
Description  of  Spectra  for  list  of  topics,  p.  202. 
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the  sum  of  the  series  of  consecutive  num- 
bers from  1  to  102,  namely  5,253.  "Atomic 
Energy  States"  by  Bacher  and  Goudsmit,1 
published  in  1932,  reported  energy  level 
values  for  231  spectra  of  69  chemical  ele- 
ments. In  1939  Shenstone2  published  a  rating 
of  400  analyzed  spectra,  using  letters  A  to  E 
to  indicate  the  state  of  the  analysis.  This 
rating  chart  has  been  reviewed  and  revised 
periodically  by  Meggers8' 4  with  the  assist- 
ance of  Dr.  Charlotte  Moore-Sitterly.  The 
1946  publication8  listed  378  articles  covering 
the  various  spectra  as  providing  the  basis  of 
the  ratings.  The  most  recent  revision  of  the 
rating  chart4  contains  entries  for  511  spectra 
of  87  elements,  indicating  that  only  about 
10  per  cent  of  all  available  spectra  have 
been  investigated  in  some  degree. 

Several  of  the  recent  additions  to  the  list 
have  been  spectra  of  artificially  produced 
radioactive  elements.  Particularly  note- 
worthy among  these  is  techmetium,  element 
43,  analyzed  by  Meggers  and  Scribner.5' 6 
This  element  is  especially  interesting  be- 
cause, while  not  occurring  naturally  on  the 
earth,  it  is  present  in  certain  types  of  red 
giant  stars.  As  of  1959  the  gaps  in  the  list 
of  analyzed  spectra  included  elements  of 
atomic  number  61,  67,  68,  85,  87,  91,  94,  96, 
and  higher,  although  experimental  material 
had  been  obtained  for  all  below  95  except 
85,  87,  and  91.  The  two  groups  of  rare  earth 
elements,  comprising  the  4f-  and  5f-types 
respectively,  are  those  for  which  there  is  the 
greatest  scarcity  of  information,  in  some 
instances  none  at  all.  This  dearth  of  mate- 
rial includes  both  experimental  data  and 
analyses.  All  the  5f-type  rare  earths  of 
atomic  number  93  and  higher  are  artificially 
produced  radioactive  elements.  Available 
techniques  for  handling  such  radioactive 
materials  would  probably  permit  obser- 
vation of  their  spectra  if  sufficiently  large 
samples  could  be  prepared.  Owing  to  the 
large  number  of  levels  associated  with  4f- 
and  5f-configurations,  spectra  of  the  rare 
earth  elements  are  necessarily  densely  popu- 
lated and  complex.  The  excitation  potentials 
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of  the  first  spectra  are  low.  Consequently 
it  is  difficult  to  devise  and  control  sources  to 
bring  out  these  spectra  without  a  prepon- 
derance of  second  and  higher  spectra. 

It  is  expected  that  much  of  the  observa- 
tional material  for  the  first  spectra  will  be 
found  in  the  infrared  beyond  the  photo- 
graphic limit.  The  highest  precision  of  re- 
cording and  measurement  of  these  spectra 
will  be  required  to  permit  discrimination 
between  significant  and  fortuitous  regulari- 
ties. The  enormous  amount  of  material  in  a 
description  of  such  a  spectrum  will  make 
imperative  the  use  of  digital  computers  for 
reduction  of  data  and  energy-level  search  if 
reasonable  progress  is  to  be  made.  Zeeman- 
effect  observations  will  probably  be  needed 
to  make  a  correct  assignment  of  quantum 
numbers  to  the  levels.  Compilation  of  the 
energy  levels  resulting  from  these  analyses 
will  complete  the  material  for  the  final  vol- 
ume of  "Atomic  Energy  Levels". 

Zeeman-effect  data  where  available  are 
generally  included  in  papers  presenting 
energy-level  analyses.  No  attempt  is  made 
here  to  estimate  the  number  of  spectra  for 
which  Zeeman-effect  observations  have  been 
made.  The  literature  references  indexed  in 
"Atomic  Energy  Levels"  are  coded  to  indi- 
cate the  inclusion  of  such  material.  In  many 
instances  the  observations  could  be  im- 
proved by  use  of  higher  fields.  Square-wave 
pulsing  techniques  now  coming  into  use  offer 
promise  of  achieving  these  high  magnetic 
flux  densities  without  the  use  of  the  bulky 
and  cumbersome  equipment  heretofore  re- 
quired. 

For  the  current  accumulation  of  material 
on  nuclear  moments  derived  from  hyperfine 
structure  measurements,  reference  is  again 
made  to  a  recent  publication  by  Meggers4 
where  it  is  pointed  out  that  one  or  more 
nuclear  moments  are  now  known  for  all 
stable  isotopes  with  odd  mass  numbers,  ex- 
cepting 
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Although  the  quality  of  direct  interfero- 
metric  optical  observation  of  hyperfine  struc- 
tures is  improving,  owing  in  large  measure  to 
the  impressive  work  of  Jacquinot  and  his 
associates  at  the  Bellevue  Laboratory  in 
France,  more  and  more  effort  is  going  into 
various  magnetic  resonance  experiments 
which  were  given  great  impetus  by  the  well- 
known  experiments  of  Lamb  and  Rether- 
f ord7  in  sorting  out  and  interpreting  the  de- 
tails of  hydrogen  fine  structure. 

Probably  one  of  the  most  neglected  areas 
related  to  observation  and  description  of 
spectra  is  that  of  quantitative  intensity 
measurements.  The  intensity  notations  in- 
cluded in  published  descriptions  are  in  most 
instances  merely  visual  estimates  noted 
during  comparator  measurements.  Precise 
measurements  have  been  tedious  and  diffi- 
cult owing  to  the  complicated  procedures  of 
plate  calibration.  Present-day  radiometric 
scanning  methods  are  extremely  promising 
when  one  considers  speed,  simplicity,  and 
reliability.  Items  to  be  considered  are  direct 
presentation  of  line  profiles  and  attainable 
linearity  of  both  detectors  and  amplifiers 
within  certain  limits,  or,  under  less  favorable 
circumstances,  knowledge  of  the  characteris- 
tics of  these  devices. 

Availability  of  fast,  high-response  de- 
tectors has  brought  a  new  dimension  to 
spectroscopy  by  making  high-resolution 
grating  techniques  possible  for  observations 
in  the  infrared  region.  Although  relatively 
few  atomic  emission  lines  intense  enough  for 
observation  are  found  beyond  30,000  A, 
there  is  no  longer  any  physical  barrier  limit- 
ing observation  such  as  was  formerly  set  by 
the  upper  wavelength  limit  of  photographic 
response  near  13,000  A.  The  equipment 
consists  of  a  mirror-grating  spectrometer 
arranged  for  scanning  the  energy  pattern 
emerging  from  the  exit  slit.  A  lead  sulfide  or 
other  lead  salt  photoconductor  is  commonly 
used  as  the  detector,  its  output  being  ampli- 
fied and  fed  to  a  commercial  potentiometer- 
recorder.  Although  extensively  used  for 
investigating  the  rotational  structure  of 
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molecular  bands,  such  equipment  has  found 
relatively  little  employment  in  the  study  of 
atomic  spectra.  A  survey  of  such  work  is 
contained  in  two  reports  by  this  author,8' 9 
the  second  in  collaboration  with  E.  Paul,  Jr. 

No  up-to-date  treatment  of  any  aspect  of 
electromagnetic  radiation  can  be  completed 
properly  without  some  reference  to  space 
technology.  Up  until  the  very  development 
of  space  probes,  along  with  which  we  shall 
group  for  purposes  of  this  discussion  high- 
altitude  flights  of  balloons  and  aircraft, 
carrying  spectrographic  equipment,  any 
spectroscopic  examination  of  extraterrestrial 
light-emitting  sources  was  completely  cut  off 
by  ozone  absorption  in  the  ultraviolet  be- 
ginning at  about  2900  A  and  extending  to 
shorter  wavelengths.  This  entire  region  is 
now  opened  up  as  a  result  of  new  data  being 
obtained  from  spectrographs  carried  above 
the  denser  portion  of  the  atmosphere  by 
rockets  or  manned  aircraft.  These  devices 
are  especially  important  for  solar  research. 
Balloon  platforms  are  considered  practical 
for  astrophysical  observation  because  the 
improved  performance  of  light-gathering 
optics  in  the  absence  of  dense  atmosphere 
permits  a  significant  reduction  in  the  size  of 
the  components. 

The  import  of  these  developments  for 
laboratory  experimentation  is  that  more  con- 
trolled experiments  with  known  source  ma- 
terials and  with  similar  spectral  coverage  will 
be  required  to  interpret  data  obtained  from 
previously  inaccessible  sources.  In  many 
instances,  the  sensitive  lines  required  to 
establish  identification  of  atoms  or  ions 
previously  unidentified  in  the  sun  or  stars 
are  located  in  the  extreme  ultraviolet.  Emis- 
sion spectroscopy  in  the  Schumann  region 
comparatively  inactive  since  the  period  as- 
sociated with  the  work  of  Millikan  and 
Bowen  is  receiving  increased  emphasis  be- 
cause of  the  data  accumulating  from  extra- 
atmospheric  observations. 

134 


REFERENCES 

1.  R.  F.  BACKER  AND  S.  A.  GOUDSMIT,  "Atomic 

Energy  States,"  McGraw-Hill  Book  Co., 
New  York  (1932). 

2.  A.  G.  SHBNSTONE,  "Reports  on  Progress  in 

Physics,'1  University  Press,  Cambridge,  Vol. 
5,  p.  210  (1939). 

3.  WILLIAM  F.  MEGGERS,  J.  Opt.  Soc.  Am.,  36, 

431  (1946). 

4.  WILLIAM  F.  MEGGERS,  "Revue  Universelle  des 

Mines,"  9th  Series,  15,  230  (1959). 

5.  W.  F.  MEGGERS  AND  B.  F.  SCRIBNER,  J.  Re- 

search N.B.S.,  46,  476  (1960). 

6.  W.  F.  MEGGERS,  J.  Research  N.B.S.,  47,  7 

(1951). 

7.  WILLIS  E.  LAMB,  JR.  AND  ROBERT  C.  RETHER- 

FORD,  Phys.  Rev.,  72,  241  (1947). 

8.  CURTIS  J.  HUMPHREYS,  NOL-Corona  Report 

146,  U.S.  Naval  Ordnance  Laboratory, 
Corona,  California  (1954).  Lunds  Universi- 
tets  Arsskrift  Avd.  2.  Bd  50,  Nr  21  (1954). 

9.  C.  J.  HUMPHREYS  AND  E.  PAUL,  JR.,  NAVORD 

Report  4589,  NOLC  Report  341,  IT.  S.  Naval 
Ordnance  Laboratory,  Corona,  California, 
(1956). 

CURTIS  J.  HUMPHREYS 

DETONATION-TEMPERATURE  MEASUREMENTS 

The  temperature  in  the  detonation  zone  of 
solid  and  liquid  explosives  may  be  measured 
by  a  two-color  method  in  which  the  quality 
of  the  emitted  radiation  is  evaluated  by  a 
multiplier  phototube  color  pyrometer.  The 
novel  aspect  of  the  technique  employed  is  in 
the  means  of  radiation  sampling.  A  cylin- 
drical polymethyl  methacrylate  probe,  in- 
troduced into  the  explosive  charge  during 
fabrication,  "pipes"  the  radiation  from 
within  the  charge  into  the  optical  system  of 
the  sensing  equipment.  Since  the  rod  probe 
extends  axially  into  the  end  of  the  charge, 
the  radiation  source  is  from  a  zone  of  high 
confinement  and  should  be  characteristic  of 
the  "infinite"  slab  and  representative  of 
steady-state  conditions  within  the  charge 
near  the  core.  Also,  an  important  conse- 
quence of  this  technique  is  the  radiation 
burst  which  persists  for  several  microseconds 
during  the  passage  time  of  the  detonation 
zone  along  the  rod;  this  reduces  the  response 
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requirements  of  the  electronic  recording  sys- 
tem to  practical  limits. 

The  method  used  for  measuring  detona- 
tion temperatures  is  based  on  the  energy 
distribution  of  the  radiation  emitted  from 
the  detonating  explosive.  According  to 
Wien's  law,  the  energy  radiated  by  a  black- 
body  at  temperature  T  at  any  wavelength  X 
in  a  band  of  width  AX  is 

(1) 


However,  if  two  channels  are  employed,  it 
is  unnecessary  to  measure  absolute  energies 
since  a  ratio  will  suffice;  thus, 

+  ln^.    (2) 

Equation  (2)  may  be  converted  to  common 
logarithms  and  written  in  the  form 

log  (JR/A)  -  A  +  B(l/T).  (3) 

Here  constant  B  is  a  function  of  the  wave- 
lengths used  and  can  be  found  from  the 
constants  of  the  apparatus,  while  constant 
A  may  be  determined  by  measuring  ratio 
Ei/Ez  of  a  black  or  gray  body  at  a  known 
temperature. 

In  practice,  neither  the  absolute  energies 
nor  their  ratio  is  determined  directly.  In- 
stead, the  radiation  of  a  particular  wave- 
length falls  on  a  multiplier-type  phototube, 
and  the  voltage  developed  across  its  load 
resistor  is  measured  by  a  cathode-ray  os- 
cillograph. The  deflection  of  the  cathode-ray 
oscillograph  beam  is  then  proportional  to  E, 

D-kE  (4) 

Replacing  E  in  (3)  with  D/k  yields 
log  (A/A)  -  log  (VW  +  ^  +  W/T)     (5) 
and  combining  constants 

log  (A/A)  -  A'  +  B(l/T).  (6) 

Equation  (6)  is  used  to  calibrate  the  ap- 
paratus and  to  determine  the  temperature 
of  detonation. 

The  components  of  a  charge  include  the 
plastic  rod  with  an  opaque  end,  the  sur- 


rounding  charge,   two   booster  pellets   of 
identical  density  and  material,  the  oscillo- 
graph sweep  synchronizing  station,  a  tetryl 
booster,  a  detonating  fuse,  and  the  support 
stand  and  container.  The  rod  probe  is  intro- 
duced into  peUeted-type  charges,  for  loading 
densities  above  1.2  g/cm8,  at  the  time  of 
fabrication  with  a  tableting  machine;  this 
results  in  a  close  fit  between  the  rod  and  the 
explosive  material.  Charges  under  1.2  g/cm8 
are  hand-packed  into  1-inch-inner-diameter 
rigid  plastic  tubes  having  a  wall  thickness  of 
%  inch.  Rods  for  both  type  charges  are 
machined  from  cast  slabs  of  "Plexiglas" 
UVA  II  stock.  All  rods  used  are  6  mm  in 
diameter  and  extend  about  2  cm  into  the 
charge.  The  inner  end  of  the  rods  are  ma- 
chined to  a  cone  to  permit  explosive  powder 
flow  around  the  rod  end  during  filling  and 
pressing.  Maximum  densities  will  be  limited 
to  about  1.58  g/cm8  since  the  use  of  greater 
pressures  required  for  the  higher  densities 
results  in  pellet  cracking.  The  conical  rod 
end  is  coated  with  opaque  black  lacquer  to 
limit  radiation  pickup  during  the  passage  of 
the  detonation  zone  over  the  rod  end.  This  is 
necessary  since  the  optical  transmission  with 
end-on  pickup  is  apparently  much  greater 
than  with  side  pickup.  Omission  of  an  opaque 
coating  causes  serious  overload  of  the  elec- 
tronic circuits. 

It  is  necessary  to  vacuum-impregnate  the 
granular  charges  with,  and  fire  them  in, 
a  gas  having  a  low  ratio  of  specific  heats 
(gamma);  otherwise  apparent  temperatures 
obtained  from  low-density  charges  in  which 
the  impregnation  is  omitted  will  be  high 
(compared  to  impregnated  charges)  by  a 
factor  of  two  or  three.  All  charges  are  iden- 
tically processed  by  three  cycles  of  evacua- 
tion and  impregnation  with  propane.  The 
charge  is  placed  in  a  cellulose  acetate  con- 
tainer which  maintains  the  ambient  at- 
mosphere of  propane  in  and  around  the 
charge  during  firing.  Impregnation,  storage 
and  handling  ar€i  facilitated  by  the  use  of 
glass  desiccators. 
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An  ionic  conduction  probe  is  introduced 
into  the  charge  to  provide  synchronization 
of  the  oscillograph  sweep  to  the  detonation. 
An  opaque  paper  baffle  and  sleeve  are  placed 
over  the  portion  of  the  rod  which  protrudes 
from  the  charge  to  prevent  admission  of  un- 
wanted luminous  background  radiation  into 
the  system. 

An  image  of  the  plastic  rod  end  is  focused 
on  a  modified  entrance  aperture  of  a  21-foot 
Jarrell-Ash  spectrograph.  The  entrance  slit 
is  replaced  by  a  circular  hole  about  2  mm  in 
diameter  which  admits  the  radiation  from 
the  entire  rod  end.  A  15,000-line/inch  con- 
cave grating  is  used,  giving  a  dispersion 
of  5  A/mm.  The  spectrograph  is  modified 
further  by  replacing  the  photographic  plate 
holder  with  a  multiple  exit-aperture  plate. 
The  exit  apertures  are  positioned  so  that  the 
entire  photographic  plate  width  is  used  to 
provide  TnaamyniTn  physical  separation  for 
four  channels.  A  DuMont  Type  6292  multi- 
plier phototube  is  placed  behind  each  of  the 
exit  slits;  tubes  are  selected  to  provide  maxi- 
mum response  for  the  wavelengths  em- 
ployed. The  receivers  are  placed  about  600A 
apart  and  are  centered  on  the  following 
center  frequencies  for  each  wavelength  band 
of  approximately  100A  width:  6081  A,  6461  A, 
4843A,  and  4223A.  The  5461A  channel  is 
used  as  the  reference  for  the  accurate  adjust- 


ment of  the  plate  holder  position.  All  tubes 
are  optically  and  magnetically  shielded.  The 
output  of  each  phototube  is  coupled  through 
a  cathode  follower  and  a  low-impedance  line 
to  a  wide-band,  high-gain  cathode-ray  os- 
cilloscope. The  over-all  frequency  response 
of  the  electronic  system  is  uniform  to  about 
10  Me  with  a  linear  vertical  deflection  of  6 
cm.  Oscillograph  traces  are  recorded  photo- 
graphically with  Du  vlont-Polaroid  cameras 
having  f/1.9  lenses  and  using  either  Pola-Pan 
400  film  or  Eastman  Royal-Pan  film. 

Dynamic  calibration  of  the  apparatus  is 
made  before  each  test.  Temperature  calibra- 
tion consists  of  admitting  radiation  from  the 
target  of  a  radio-frequency  excited  lamp  of 
known  temperature  and  emissivity  into  the 
system.  The  lamp  consists  of  a  ^fg-inch 
tantalum  carbide  disk  supported  in  a  water- 
cooled  field  concentrator  by  a  zirconium 
oxide  rod;  this  assembly  is  contained  in  an 
argon-filled  glass  envelope  at  a  pressure  of  2 
atmos.  The  lamp  is  placed  in  the  water- 
cooled  work  coil  of  a  1.5-kw  radio-frequency 
generator  operating  at  approximately  3.5 
Me.  An  image  of  the  radiation  source  is 
formed  on  the  spectrograph  entrance  aper- 
ture so  that  only  radiation  from  the  tem- 
perature-gradient-free center  zone  passes 
into  the  spectrograph.  A  motor-driven  light 
chopper,  having  a  narrow  slit  in  the  periph 
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FIG.  1.  Temperature-density  relationship  for  four  pure-compound  explosives  where  each  point  is 
the  average  of  six  two-channel  combinations  for  a  single  test. 

136 


DETONATION-TEMPERATURE  MEASUREMENTS 


ery,  interrupts  the  radiation  into  approxi- 
mately 50-/*sec  pulses,  and  a  photoelectric 
synchronizer  permits  the  sweep  to  be  trig- 
gered before  each  pulse. 

Since  the  slope  of  the  calibration  is  estab- 
lished by  the  wavelength  bands  for  each 
color  pair  combination,  only  the  intercept 
needs  to  be  experimentally  established.  For 
this  purpose,  the  lamp  is  operated  in  the 
region  of  2800°K;  checks  are  made  on  the 

TABLE   1.   TEMPEKATUBES  OP   DETONATION   AS 
DETBKMINED  BY  AN  ELECTBO-OPTICAL  METHOD 
The  temperature  reported  for  each  test  repre- 
sents the  average  of  six  temperatures  obtained  by 
the  six  possible  pair  combinations  when  using  four 
wavelengths.  All  charges  were  propane  impreg- 
nated. 


Density,         Temperature, 
g/on»                   °K 

Density,         Temperature, 
g/cm»                  °K 

PETN 

RDX 

0.90 

5525 

1.13 

5715 

5225 

5970 

5000 

5742 

1.37 

5762 

1.41 

5367 

5756 

5462 

5343 

5577 

1.56 

6079 

1.60 

6056 

5684 

5734 

5705 

5136 

TETRYL 

EDNA 

0.92 

4479 

0.96 

5819 

4750 

5525 

4600 

5547 

• 

1.22 

5464 

1.25 

5241 

4975 

5368 

4940 

5485 

5093 

1.28 

5437 

1.62 

5619 

5430 

4837 

5585 

5297 

1.46  5526 

5263 
5375 
NITROGLYCERIN 

1.60  3896 
4095 
4079 


0.4        0.5        0,6        0.7        08       OJi 
WAVELENGTH,   MICRONS 

2.  Radiation  distribution  curves  for  a  liq- 
uid (nitrogjycerin),  a  low-density  granular  (0.92 
g/cm8  tetryl),  and  a  high-density  granular  (1.60 
g/cm8  RDX)  explosive.  A  black-body  curve  is  con- 
structed through  the  reference  intensity  level  at 
0.55  it  for  each  explosive  test. 

fit  of  four  calibration  lamp  temperatures 
(2770°K,  2640°K,  24800K,  and  2310°K)  for 
the  six  channel  combinations. 

The  rf  lamp  temperatures  are  determined 
during  the  calibration  period  with  a  disap- 
pearing-filament  type  optical  pyrometer  and 
converted  to  the  true  temperature  by  appli- 
cation of  an  emissivity  for  tungsten  carbide 
of  0.55  at  a  wavelength  of  6600A  and  a 
temperature  of  2500°C. 

Observed  detonation  temperatures  vs. 
loading  density  obtained  with  the  spectro- 
graphic  method  for  PETN,  tetryl,  RDX, 
and  EDNA  are  shown  graphically  in  Figure 
1  and  given  in  Table  1  where  each  tempera- 
ture is  the  average  of  six  temperatures  ob- 
tained from  the  six  possible  pair  combina- 
tions using  four  wavelength  channels.  Table 
1  also  gives  the  detonation  temperature  of 
nitroglycerin  viewed  end-on,  without  rods. 
The  average  deviation  from  the  mean  for 
each  explosive  material  is  180°K  for  PETN; 
1800K  for  tetryl;  173°K  for  RDX;  92°K  for 
EDNA;  and  85°K  for  nitroglycerin. 
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The  radiation-energy  distribution  relative 
to  the  energy  of  the  5461A  channel  for  tests 
on  RDX  (1.60  g/cm8),  tetryl  (0.92  g/cm8), 
and  nitroglycerin  are  shown  graphically  in 
Figure  2.  A  black-body  curve  is  constructed 
through  the  reference  channel  and  the  ex- 
perimentally determined  points  are  plotted; 
good  distribution  agreement  is  shown.  The 
data  on  the  granular  materials  were  obtained 
by  the  probe  method,  and  the  data  on  the 
liquid  explosive  were  accumulated  without 
probes  by  looking  into  the  charge  end-on 
through  the  undetonated  transparent  ex- 
plosive. It  was  established  that  the  rods  had 
little  effect  upon  the  temperature  measure- 
ment by  tests  with  nitroglycerin  with  and 
without  rods;  the  standard  deviation  was 
10°K 

The  detonation  temperature  of  nitro- 
glycerin was  found  to  be  4000°K  for  high- 
order  detonation  (verified  by  velocities  of 
about  7500  m/sec  obtained  from  the  radia- 
tion-time characteristics  of  the  temperature 
oscillograms).  Initiation  of  nitroglycerin  by 
weak  mercury  fulminate-potassium  chlorate 
detonators  produced  temperatures  of  ap- 
proximately 3200°K  for  the  low-detonation- 
velocity  regime  of  1500  to  2000  m/sec. 

F.  C.  GIBSON, 
M.  L.  BOWSER, 

C.  M.  MASON 

DIRECT-READING  MEASUREMENTS 

The  measurement  of  intensities  or  relative 
intensities  by  photographic  procedures  is 
time-consuming,  requires  calibration  of  the 
emulsion,  and  has  an  accuracy  at  best  of 
between  2  and  3%.  Direct  photoelectric 
measurements  of  intensity  ajre  linear,  rapid 
and  accurate  to  0.5  to  1%  for  a  steady 
source.  Direct  photoelectric  measurement  of 
spectra  by  now  would  largely  have  replaced 
photographic  procedures  were  it  not  for  the 
expense  and  the  inflexibility  of  such  meas- 
urements. At  least  five  different  basic  meth- 
ods of  direct  measurements  have  been  de- 
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scribed,  as  follows: 

(1)  Scanning  continuously  through  the 
spectrum,  recording  the  intensity  as  a  func- 
tion of  wavelength.  It  must  be  realized  that 
time  is  an  implicit  variable.  The  trace  has 
no  significance  unless  the  characteristics  of 
the  source  remain  strictly  constant  with 
time. 

(2)  Stepwise  scanning,  i.e.,  moving  rap- 
idly to  a  line  of  interest  and  then  scanning 
across  it  slowly.  Again  the  source  must  re- 
main constant. 

(3)  Sequential  reading  of  line  intensity 
with  time:  the  exit  slit  stays  centered  on  the 
line  but  the  intensity  is  recorded  as  a  func- 
tion of  time. 

(4)  Simultaneous  integration  of  the  inten- 
sity of  all  lines  of  interest  over  an  exposure 
period  usually  of  10  to  100  seconds. 

(5)  Sequential  integration:  integrating  of 
the  intensity  of  an  analytical  line  with  re- 
spect to  a  reference  line  for  10  to  20  seconds, 
then  moving  the  analytical  exit  slit  to  an- 
other analytical  line  and  repeating  the  proc- 
ess. 

The  following  description  amplifies  each 
method  and  comments  on  its  advantages 
and  disadvantages. 

Scanning  the  Spectrum 

Direct  scanning  spectrometers  suitable  for 
recording  emission  lines  have  been  built  by 
Leeds  and  Northrup  and  by  Jarrell-Ash 
Company,  according  to  the  Ebert  design  of 
Fastie1  (see  page  180).  The  ARL  1.5  Meter 
and  Jarrell-Ash  3.4  Meter  Spectrographs 
may  be  converted  to  scanning  spectrome- 
ters. 

A  scanning  spectrometer  is  the  least  ex- 
pensive means  for  measuring  the  relative  in- 
tensities of  a  series  of  lines,  since  a  single 
exit  slit,  photodetector  and  electronic  circuit 
suffice,  and  the  mechanical  drive  need  not 
be  complex.  The  resolution  achievable  is 
equivalent  to  that  of  the  photographic  plate, 
far  superior  to  other  direct-reading  proce- 
dures. However,  the  method  is  suitable  for 
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accurate  quantitative  measurements  only  if 
the  source  remains  completely  stable  with 
time.  Such  is  indeed  the  case  for  many 
flames,  and  for  hollow-cathode,  high-fre- 
quency and  metallic  vapor  discharge  lamps. 

Broida  has  described  procedures  for  ana- 
lyzing hydrogen  and  deuterium  mixtures  in 
the  presence  of  air2,  N16/N14  isotope  ratios8 
in  nitric  acid  or  nitrogen,  and  Ci8/Ci2  iso- 
tope ratios  in  flames4,  using  a  scanning  spec- 
trometer and  discharge  tubes.  In  flame 
photometry,  scanning  spectrometers  are  now 
frequently  used  to  measure  the  intensity  of 
emission  lines  with  respect  to  background. 
The  height  of  the  line  above  background  is 
relatively  independent  of  interelement  effects 
and  the  better  spectral  purity  achieves 
higher  sensitivity  than  is  possible  with  filter 
photometers. 

In  applied  spectrochemical  analysis,  ef- 
forts to  use  a  scanning  spectrometer  tech- 
nique have  been  disappointing.  Even  in  a 
spark,  where  fractional  distillation  effects 
are  minimal,  successive  exposures  of  the 
same  sample  may  not  give  sufficiently  repro- 
ducible intensity  ratios,  even  when  the 
instrument  is  programmed  to  read  specific 
line  pairs  after  the  same  elapsed  time.  When, 
in  a  series  of  samples,  several  elements  vary 
independently,  the  problem  of  achieving 
sufficient  accuracy  becomes  still  greater. 

A  typical  electronic  circuit  for  such  a 
scanning  spectrometer  will  consist  of:  (a)  a 
power  supply,  adjustable  to  give  500-1200 
volts  (for  nine-stage  photomultipliers),  or 
500-2000  volts  (for  thirteen  stages),  regu- 
lated to  =fc.l%  for  input  fluctuations  of 
±5%,  with  drift  not  greater  than  .1%  per 
hour;  (b)  a  sensitive  DC  amplifier,  with  high 
feedback  for  stability,  a  wide  range  of  gain 
settings,  a  background  suppression  adjust- 
ment and  a  short  response  time  (less  than 
1  second);  and  (c)  a  strip  chart  recorder. 
The  over-all  sensitivity  may  be  capable  of 
giving  full  scale  response  for  a  photomulti- 
plier  output  of  10-*  to  ICh9  ampere. 

Stepwise  Scanning.  Several  investiga- 


tors (Wolfe  and  Enns,  Menzies)  have  at- 
tempted to  develop  a  direct-reading  proce- 
dure in  which  the  spectrometer  moves 
rapidly  to  an  analytical  line,  scans  slowly 
across  it,  then  moves  rapidly  to  the  next 
line,  scans  slowly  across  it,  and  so  on.  A 
strip  chart  recorder  indicates  the  relative 
intensities  of  the  analytical  line  and  a  section 
of  the  undispersed  radiation  isolated  by  a 
filter.  Although  the  arrangement  has  the  ad- 
vantage of  high  optical  resolution  and  exact 
centration  of  the  exit  slit  is  not  necessary,  it 
has  been  found  impossible  so  far  to  maintain 
sufficiently  constant  or  reproducible  condi- 
tions of  sample  excitation,  and  adequate  ac- 
curacy has  not  been  achieved. 

Scanning  in  Time.  Radio  Cinema 
of  Paris,  in  its  "Spectrolecteur",  has  em- 
ployed a  system  in  which  a  slit  and  photo- 
multiplier  move  successively  and  precisely 
from  one  analytical  line  to  another.  It  is 
claimed  that  the  slit  can  be  centered  on  each 
line  with  a  precision  of  one  micron.  At  each 
stop,  the  intensity  ratio  of  that  particular 
line,  with  respect  to  the  intensity  of  an  inter- 
nal standard  line  measured  by  a  fixed  exit 
slit  and  photomultiplier,  is  recorded  as  a 
function  of  time  on  a  strip  chart  recorder. 
The  time  constant  of  the  recording  system 
is  approximately  20",  so  that  short-term 
variations  do  not  record.  In  a  typical  scan, 
there  may  be  a  pre-spark  period  of  30"  to 
stabilize  the  discharge,  then  a  20*  record  for 
a  first  element,  a  5"  interval  required  for  the 
slit  to  set  on  the  new  line,  a  20*  record,  and 
so  on  through  the  determination  of  all  ele- 
ments. 

The  method  is  capable  of  an  analytical 
precision  of  2-3%  of  the  concentration 
measured.  A  complete  analysis  for  ten  ele- 
ments may  require  five  minutes.  The  elec- 
tronic system  is  simpler  and  less  expensive 
than  in  integrating  direct  readers,  but  this 
advantage  is  largely  offset  by  the  expense  of 
the  mechanical  workmanship  required  to 
achieve  the  necessary  precision  of  slit  set- 
ting. 
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The  Spectrolecteur  was  the  first  direct 
reading  spectrometer  used  extensively  in 
Europe. 

Integrating  Direct-Reading  Spectrom- 
eters 

Experience  has  demonstrated  that  direct- 
reading  measurements  on  sources  which  ex- 
hibit rather  wide  instantaneous  variations  in 
both  over-all  light  levels  and  in  line  inten- 
sity ratios  can  nevertheless  become  sur- 
prisingly reproducible  if  the  intensities  of  all 
lines  are  integrated  simultaneously  over 
periods  of  ten  to  sixty  seconds.  For  this 
reason,  integrating  direct-reading  instru- 
ments are  more  widely  employed  than  scan- 
ning types,  particularly  for  routine  spec- 
trochemical  analysis.  Indeed,  all  the  really 
successful  commercial  instruments  are  of  this 
type.  For  this  reason,  integrating  direct 
readers  are  considered  in  some  detail.  The 
following  discussion  of  spectrometer  charac- 
teristics applies  also  to  the  scanning  spec- 
trometers previously  discussed.  Important 
features  in  the  spectrometer  (sometimes 
called  a  "polychromator")  are  as  follows. 

The  Flux-Transmitting  Power.  The 
flux-transmitting  power  of  the  spectrometer 
depends  on:  The  transmission  or  reflectance 
of  the  optical  elements,  the  effective  area 
and  angular  dispersive  power  of  the  dispers- 
ing element,  and  the  ratio  of  slit  height  to 
focal  length.  Naturally,  the  greater  the  flux 
transmitting  power,  the  stronger  any  given 
signal  will  be. 

Entrance-Exit  Slit  Combinations.  The 
signal-to-background  ratio  achieved  depends 
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FIG.  1.  Theoretical  effect  of  entrance  and  exit 
slit  widths  on  line  to  background  ratio. 
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on  the  selection  of  entrance  and  exit  slit 
widths. 

The  illumination  at  the  focal  plane  of  the 
spectrometer,  for  a  spectral  line,  increases  as 
the  entrance  slit  is  opened,  only  so  long  as 
the  natural  breadth  of  the  spectral  line  in 
the  source  is  less  than  the  nominal  slit 
width,  plus  any  diffraction  or  aberration 
broadening.  Once  this  slit  width  is  exceeded, 
the  illumination  no  longer  increases,  but  the 
image  broadens  out.  On  the  other  hand,  the 
illumination  in  the  exit  plane,  for  a  continu- 
ous source  (i.e.,  background),  will  increase 
linearly  with  entrance  slit  width,  indefinitely. 
The  consequences  are  illustrated  by  Figure 
1  and  Table  1. 

Figure  1  shows  the  effect  of  different  com- 
binations of  entrance  and  exit  slit  widths  for 
a  large  spectrometer  if  we  assume  that  the 
illumination  of  a  spectral  line  in  the  exit 
slit  plane  for  an  8  micron  entrance  slit  can 
be  represented  approximately  by  a  triangle 
with  a  16  micron  base.  The  line  is  broadened 
by  diffraction  and  by  aberrations.  We  as- 
sume an  intensity  of  24  (arbitrary  units)  for 
the  line  itself.  As  the  entrance  slit  is  opened, 
the  illumination  at  the  center  of  the  image 
remains  at  24  units  above  background  and 
the  image  grows  wider.  The  total  flux  for  the 
line  can  be  measured  by  the  area  of  the 
triangle  or  trapezoid.  The  background  illumi- 
nation, which  has  been  assumed  to  equal  1 
on  the  same  arbitrary  scale  for  a  slit  width 
of  12.5  /*,  will  be  only  .64  for  the  8  M  slit, 
and  will  increase  to  2  for  25  microns,  4  for 
50  microns,  and  8  for  100  microns.  The  flux 
for  the  background  is  equal  to  the  illumina- 
tion times  the  slit  width.  (It  is  assumed  that 
there  is  no  nearby  line  to  cause  interference.) 
The  resulting  integrated  flux  for  lines  and 
background,  and  the  ratio  of  the  two,  are 
recorded  in  Table  1.  From  this  table  we  can 
draw  the  following  conclusions: 

(a)  The  signal  to  background  ratio  is  in- 
versely proportional  to  the  width  of  the 
widest  slit  used,  whether  it  be  the  entrance 
or  exit  slit. 
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TABLE  1.  EFFECT  OF  ENTBANCB  AND  EXIT  SLITS  ON  LINE/BACKGBOTJND  RATIO 


Entrance  Slit 

8At 

12.5  At 

25  At 

50  At 

100  A* 

Line  Intensity 

24 

24 

24 

24 

24 

Background  Intensity 

.64 

1 

2 

4 

8 

Exit  Slit 

25  A* 

Line  Flux 

H<16)24  - 

J£(4.5  +  20.5)24    - 

H(17  +  33)24  - 

25  X  24  - 

600 

192 

300 

552  -  ^(8)12 

600 

Background  flux 

16 

25 

2X  25    50 

100 

200 

Ratio 

12:1 

12:1 

11:1 

6:1 

3:1 

50  A* 

Line  Flux 

192 

300 

600 

1152 

1200 

Background  Flux 

32 

50 

100 

200 

400 

Ratio 

6:1 

6:1 

6:1 

5.8:1 

3:1 

100  A* 

Line  Flux 

192 

300 

600 

1200 

2352 

Background  Flux 

64 

100 

200 

400 

800 

Ratio 

3:1 

3:1 

3:1 

3:1 

2.9:1 

(b)  As  a  corollary,  the  same  signal-to- 
background  ratio  is  obtained  if  the  entrance 
slit  is  wider  than  the  exit  slit,  or  vice  versa. 

To  confirm  this  theoretical  argument,  data 
taken  on  a  recording  spectrometer  are  shown 
in  Figures  2  and  3.  In  Figure  2  the  signal 
strength  from  a  spectral  line  is  plotted  as  a 
unction  of  entrance  slit  width,  for  a  series 


of  fixed  exit  slits.  The  measurements  were 
made  on  a  500  mm  Ebert  scanning  spectrom- 
eter with  long  ,slits,  which  resulted  in  basic 
line  breadths  of  about  25  microns  due  to 
diffraction  and  aberrations  alone,  as  con- 
trasted to  8  microns  assumed  in  the  theoreti- 
cal treatment  above  for  large  spectrometers. 
The  contour  of  the  illumination  at  the  exit 
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FIG.  2.  Experimental  effect  of  entrance  slit  width  on  line  signal. 
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FIG.  3.  Experimental  effect  of  entrance  slit  width  on  background  signal. 


slit  is  not  flat-topped  at  narrow  entrance 
slit  widths,  but  continues  to  rise  to  an  effec- 
tive value  equal  to  the  exit  slit  setting  plus 
the  aberration  broadening,  i.e.,  approxi- 
mately 40  M  for  the  15  /*  slit. 

The  flat  portion  of  the  curves  for  the  nar- 
row exit  slits  demonstrates  that  the  illumi- 
nation does  not  increase  when  the  entrance 
slit  is  opened  beyond  the  critical  width.  The 
curve  for  the  200  ju  exit  slit  indicates  how 
the  signal  strength  may  be  improved  by 
opening  the  entrance  slit,  although  this 
curve  also  would  presumably  level  off  at 
about  225  JJL  if  the  measurements  had  been 
extended. 

In  Figure  3,  the  signal  for  continuous  ra- 
diation (i.e.,  background)  is  plotted  as  a 
function  of  entrance  slit  width,  for  several 
exit  slits.  In  this  case,  since  the  illumination 
is  increasing  as  the  entrance  slit  is  opened, 
the  signal  continues  to  rise  linearly,  as  ex- 
pected. If  the  data  had  been  plotted  for  a 
given  entrance  slit,  the  signal  would  increase 
linearly  with  exit  slit.  This  means  that  if 
both  slits  are  increased  simultaneously,  the 


signal  increases  as  the  square  of  the  slit  set- 
tings. 

Photomultipliers  always  give  better  pre- 
cision if  operated  at  levels  of  illumination 
well  above  dark  current,  so  wider  slits  will 
yield  better  precision  in  measurements.  At 
the  same  time,  it  is  desirable  to  have  the  best 
possible  signal  to  background  ratio,  particu- 
larly at  residual  concentration,  and  this  im- 
plies narrow  slits.  A  compromise  has  to  be 
made,  based  on  the  individual  analytical 
program.  The  best  way  to  improve  the  sig- 
nal strength,  rather  than  to  open  the  slit 
width,  is  to  increase  the  slit  height,  if  this 
does  not  seriously  affect  definition. 

The  entrance  and  exit  slits  cannot  be 
made  the  same  width  because:  (a)  the  lines 
cannot  be  centered  in  the  exit  slits  or  aligned 
parallel  to  them  to  better  than  a  few  mi- 
crons; and  (b)  any  slight  shift  in  alignment 
will  cause  large  changes  in  signal. 

In  practice  it  is  usual  to  allow  at  least  25 
microns  difference  between  entrance  and 
exit  slits. 

At  residual  concentrations,  where  distin- 
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guishing  the  line  above  the  background  is 
more  important  than  high  precision,  it  may 
be  desirable  to  use  25  and  50  micron  slit 
combinations.  For  higher  concentrations,  100 
and  150  micron  slits  may  be  entirely  feasible 
and  will  give  greater  quantitative  reproduci- 
bility.  Where  both  types  of  measurement  are 
required  simultaneously,  a  50-micron  en- 
trance slit  can  be  used  with  25-micron  exit 
slits  for  residuals,  and  75  or  100  micron  exit 
slits  for  higher  concentrations. 

Spectrometer  Stability.  The  discussion 
of  slit  widths  indicates  the  degree  of  stability 
required  in  the  spectrometer.  Since  the  en- 
trance slit  image  is  usually  broadened  by 
diffraction  by  8  to  10  microns,  a  spectrum 
line  from  a  50-micron  entrance  slit  can  drift 
only  ±7.5  microns  within  a  75-micron  exit 
slit,  before  the  line  edge  begins  to  be  cut  off. 
Such  stability  requires  a  rugged  construc- 
tion, stress-relieved.  The  spectrometer  must 
also  be  maintained  at  a  constant  tempera- 
ture, to  within  a  few  degrees,  for  two  rea- 
sons: (a)  temperature  changes  will  expand 
the  frame,  which  can  lead  to  a  displacement 
of  the  spectrum,  and  (b)  an  increase  in  tem- 
perature will  expand  the  glass  blank  of  the 
grating  or  replica,  producing  a  coarser  spac- 
ing, reducing  the  angular  dispersion.  Not 
only  will  the  entire  spectrum  be  shifted,  but 
the  relative  spacing  of  widely  separated  lines 
will  be  changed. 

For  these  reasons,  it  is  customary  to  regu- 
late the  room  temperature  to  within  a  few 
degrees  and  to  insulate  or  temperature-con- 
trol the  spectrometer  itself.  Otherwise,  it  is 
necessary  to  use  wide  slits,  to  allow  more 
latitude  for  line  shifts.  Frequently,  a  means 
is  provided  for  periodically  or  constantly 
checking  the  spectrum  alignment,  or  even 
for  maintaining  the  alignment  automati- 
cally. Such  realignment  of  the  spectrum  can 
compensate  for  shifts  of  the  spectrum  as  a 
whole,  but  cannot  correct  for  changes  in  dis- 
persion, particularly  if  an  extended  wave- 
length range  is  covered  by  the  exit  slits. 


Setting  Exit  Slits.  Exit  slits  can  be  set 
approximately  in  position,  to  within  %  or 
%  mm,  by  a  wavelength  or  millimeter  scale, 
or  from  a  photograph.  Each  slit  must  then 
be  oriented  parallel  to  the  line  and  centered 
on  it,  to  within  a  few  microns,  by  (a)  moving 
the  slit  precisely  with  a  screw  drive;  (b) 
tapping  lightly  on  one  side  of  the  slit  till  a 
dial  indicator  on  the  other  side  shows  the 
desired  shift;  or  (c)  rotating  a  "refractor" 
plate  of  quartz,  which  shifts  the  image  of 
the  line. 

The  adjustment  must  be  made  for  the 
top  and  for  the  bottom  of  the  exit  slit.  This 
final  setting  of  the  slit  is  made  by  burning 
a  sample  containing  a  high  concentration  of 
the  desired  element,  and  observing  the  pho- 
tomultiplier  response  on  a  sensitive  elec- 
tronic voltmeter  or  oscilloscope.  Such  ad- 
justments must  be  made  with  the 
photomultipliers  in  darkness. 

Types  of  Mounting.  Since  astigmatism 
has  no  disadvantage  for  direct-reading  meas- 
urements and  since  the  wavelength  range  is 
fixed,  the  concave  grating  makes  an  ideal 
dispersing  element  for  direct  reading  spec- 
trometers. In  the  United  States  gratings 
have  been  used  exclusively.  Applied  Re- 
search Laboratories,  Baird-Atomic,  and 
Jarrell-Ash  use  Eagle  or  Abney  Rowland 
circle  mountings.  Jarrell-Ash  has  also  used 
a  "dual  deck"  Wadsworth  mounting  in 
which  two  concave  mirrors  are  used  to  il- 
luminate a  single  concave  grating,  to  produce 
two  identical  spectra,  one  beside  the  other. 
This  provides  greater  space  for  mounting 
exit  slits  and  photomultipliers.  Applied  Re- 
search, Baird-Atomic,  and  Jarrell-Ash  also 
supply  photographic  grating  spectrographs 
which  can  be  converted  to  direct  reading 
instruments. 

In  Europe,  Hilger  and  Watts,  Manufac- 
ture Beige  de  Lampes  et  de  Materiel  filec- 
tronique  (MBLE),  and  Optica  use  grating 
spectrometers  for  direct  reading.  Applied  Re- 
search also  manufactures  in  Europe.  Radio 
Cinema  uses  a  Jobin  &  Yvonprism  spectrom- 

143 


EMISSION  SPECTROSCOPY— LIGHT 


eter  for  its  Spectrolecteur,  while  Hilger  & 
Watts  has  employed  a  medium  quartz  spec- 
trograph  for  a  direct  reader  for  nonfer- 
rous  metals.  In  Japan  Shimadzu  has  em- 
ployed a  1.5  meter  spectrometer  like  the 
ARL. 

Irradiation  of  Photomultipliers.  If  the 
sensitivity  of  the  photosensitive  surface  of 
a  multiplier  phototube  is  measured  by  re- 
cording the  photoelectric  current,  as  a  nar- 
row intense  beam  of  light  is  scanned  across 
the  photocathode,  it  will  be  found  that  the 
sensitivity  increases  greatly  in  the  center 
and  shows  quite  marked  microvariations. 
For  this  reason,  if  the  exit  slit  is  imaged  on 
the  photosensitive  surface,  the  phototube 
must  be  adjusted  rather  carefully  for  maxi- 
mum sensitivity  and  must  then  be  main- 
tained in  exact  alignment.  Alternatively,  the 
light  beam  can  be  allowed  to  diverge  to  five 
or  six  millimeters  before  striking  the  photo- 
sensitive surface.  The  output  current  will 
then  be  relatively  insensitive  to  minor  shifts 
in  the  position  of  the  light  beam. 

Integrating  Direct-Reader  Electronics 

Two  basic  procedures  have  been  developed 
for  measuring  the  output  of  a  multiplier 
phototube,  integrated  over  a  significant  time 
interval:  (1)  The  photomultiplier  currents 
charge  a  series  of  capacitors,  until  the  ex- 
posure is  terminated,  and  then  the  voltage 
or  charge  on  the  capacitors  is  measured,  one 
after  the  other,  and  (2)  each  photomultiplier 
current  is  converted  into  a  series  of  pulses 
which  actuate  sealers  or  other  counting  de- 
vices. While  the  detailed  circuitry,  including 
the  programming  arrangements,  becomes 
quite  complex,  the  basic  principles  can  be 
explained  rather  briefly. 

Charged  Capacitors.  Among  the  meth- 
ods used  for  reading  out  the  voltage,  or 
charge,  on  a  capacitor  are  the  following. 

Electrometer  Amplifier, Strip  Chart  Recorder. 
Applied  Research  Laboratories  measures 
the  voltage  on  each  capacitor  sequentially 
by  a  high-impedance  electrometer  amplifier 


and  strip  chart  recorder.  During  the  ex- 
posure, the  charge  accumulating  on  the  in- 
ternal standard  capacitor  is  recorded  con- 
tinuously. The  exposure  terminates  when  the 
recorder  pen  reaches  100.  The  charge  on  each 
capacitor  is  then  indicated,  in  turn,  at  ap- 
proximately two  second  intervals,  by  the  pen 
deflection.  Zero  and  sensitivity  controls  are 
provided  for  each  element.  Concentrations 
can  be  read  directly  off  specially  printed 
strip  chart  paper. 

Amplifier  and  Meier.  Hilger  &  Watts,  for 
its  Medium  Polychromator,  uses  a  high- 
impedance  amplifier  and  sensitive  micro- 
voltmeter.  A  stepping  switch  automatically 
connects  the  meter  successively  to  the  indi- 
vidual capacitors,  at  approximately  three- 
second  intervals.  Readings  are  converted  to 
concentrations  by  graphs  or  tables. 

Time  of  Discharge.  Baird-Atomic  adopted 
a  circuit  developed  by  Saunderson  and  Cal- 
decourt5  at  Dow  Chemical  Company.  Dur- 
ing the  timed  exposure,  the  photomultiplier 
outputs  charge  capacitors  for  both  the  ana- 
lytical lines  and  the  internal  standard  line. 
The  intensity  of  the  internal  standard  line 
and  the  capacity  of  its  capacitor  are  chosen 
to  produce  a  higher  reference  voltage  than 
will  accumulate  on  any  of  the  analytical 
capacitors.  At  the  completion  of  the  ex- 
posure, the  reference  capacitor  starts  to  dis- 
charge through  a  fixed  resistor,  R,  and  clocks 
for  each  of  the  analytical  channels  start  to 
operate.  As  the  voltage  on  the  reference 
capacitor  becomes  equal  to  the  voltage  on  an 
analytical  capacitor,  the  corresponding  clock 
is  stopped.  In  other  words,  each  clock  meas- 
ures the  time  required  to  discharge  the  refer- 
ence capacitor  to  the  voltage  of  the  ap- 
propriate analytical  capacitor.  This  time  is 
proportional  to  the  logarithm  of  the  relative 
intensities,  since  the  rate  of  discharge  of  a 
capacitor  is  given  by  £  =  RC  In  (E,/E9)  = 
RC  In  /,//» ,  where  R  is  the  fixed  resistor, 
C  the  capacitance  of  the  reference  capacitor, 
and  E,  and  Em  represent  the  voltage  of  the 
reference  and  unknown  capacitors. 
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A  detailed  description  of  the  use  of  this 
instrument  is  given  in  J.  Saunderson's  ar- 
ticle.6 

Time  to  Match  the  Voltage.  Hilger  &  Watts 
uses  a  system  in  which  a  quartz  crys- 
tal oscillator  drives  a  sealer  until  a  regulated 
power  supply  charges  a  reference  capacitor 
to  the  same  voltage  as  the  analytical  capaci- 
tor, which  stops  the  count.  The  sealer  reads 
out  up  to  four  digits.  The  count  is  a  linear 
function  of  the  intensity.  The  programming 
circuit  then  moves  on  to  the  next  capacitor. 

Counts  to  Discharge  the  Capacitor.  Jarrell- 
Ash  employs  a  circuit  which  measures  the 
charge  on  the  capacitor  by  discharging  it 
through  a  "multivibrator",  which  converts 
the  energy  into  a  series  of  pulses  the  fre- 
quency of  which  is  proportional  to  the  cur- 
rent strength.  The  pulses  are  counted  by  a 
four-digit  sealer,  until  the  voltage  on  the 
analytical  capacitor  drops  to  a  given  refer- 
ence voltage,  which  stops  the  count.  The 
sealer  reading  is  directly  proportional  to  the 
charge,  that  is,  to  the  light  intensity. 

Photomultiplier  Current  Converted 
to  Pulses.  The  electronic  system  used  with 
the  larger  Jarrell-Ash  direct  readers  converts 
the  photomultiplier  output  directly  into 
pulses  by  means  of  a  "multivibrator".  The 
latter  consists  essentially  of  a  low-capaci- 
tance capacitor,  typically  .005  microfarad, 
which  charges  rapidly  to  a  few  volts,  then 
discharges  through  a  trigger  tube,  returning 
to  ground,  starting  to  charge  once  more,  and 
continually  repeating  the  process  at  up  to 
50,000  cycles/second.  The  transmitted  pulse 
is  shaped  and  amplified  and  drives  either  a 
four-digit  sealer  or  a  high  speed  pulse  motor 
which  turns  a  clock  hand.  The  exposure  is 
terminated  when  the  internal  standard  chan- 
nel reaches  a  given  count.  Then  each  sealer 
or  clock  dial  is  arrested  at  a  count  which  is 
proportional  to  intensity.  This  is  the  fastest 
of  all  circuits,  since  all  readings  are  available 
immediately  after  termination  of  the  ex- 
posure. 


Excitation  for  Direct  Readers 

Since  in  most  cases  precision  and  speed  of 
analysis  are  primary  aims  in  direct  reading 
spectrochemical  analysis,  high  voltage 
sparks,  or  condensed  arcs,  are  most  fre- 
quently used,  followed  by  ignited  arcs.  The 
DC  arc  is  employed  only  when  other  sources 
do  not  have  the  required  sensitivity.  The 
discharge  is  usually  initiated  and  terminated 
by  the  programming  circuit.  In  most  cases 
the  exposure  is  determined  by  the  integrated 
flux  to  the  internal  standard  exit  slit.  At 
times,  particularly  if  an  internal  standard 
has  to  be  added  to  each  sample,  a  constant 
time  of  exposure  is  employed.  Sometimes  the 
analytical  accuracy  so  achieved  approaches 
1%. 

Almost  always  the  specimens  are  mounted 
in  exact  position  in  the  sample  stands  and 
are  not  re-adjusted  during  the  exposure. 

Direct-Reading  Spectrochemistry 

Precision.  When  the  measuring  circuits 
described  are  properly  engineered,  they 
should  be  capable  of  giving  repeatability  fig- 
ures as  follows: 


Electronic  Signal 

White  light  or  mercury  lamp 

Non-segregated  sample,  measured 

for  concentration  levels  above 

about  .5% 
Sensitive  elements  in  a  non-segre- 

gated sample,  measured  for  con- 

centration levels  in  the  range 


Non-segregated  sample,  for  con- 
centrations at  limit  of  photo- 
graphic detectability 


Coefficient  of 
Variation 


=fc.l  to  .2% 
±.2  to  .3% 
±.5  to  1.5% 


±2  to  5% 


±25  to  100% 


Sensitivity.  The  sensitivity  of  direct 
reader  techniques  seems  about  equal  to  that 
for  photographic  spectrographs.  The  sensi- 
tivity is  affected  by  the  choice  of  slit  widths, 
as  pointed  out  above.  The  author  does  not 
know  of  any  claims  that  direct-reading  sen- 
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sitivity  exceeds  that  of  photographic  proce- 
dures, and  the  general  concensus  seems  to  be 
that  there  may  be  a  loss  in  sensitivity  by  a 
factor  of  two  to  four  times.  The  sensitivity 
limit  has  been  defined  as  the  concentration 
at  which  the  coefficient  of  variation  becomes 
±25%. 

Choice  of  Lines.  There  are  several  essen- 
tial differences  between  the  procedures  for 
choosing  suitable  spectrum  lines  for  accurate 
quantitative  spectrochemical  analysis  by  di- 
rect reading  methods  and  by  photographic 
spectrographs.  It  is  impractical  to  use  as 
many  lines,  since  each  new  line  involves  at 
least  another  costly  exit  slit,  multiplier 
phototube,  and  power  supply  connection, 
and  since  there  is  a  physical  limit  to  the 
number  of  exit  slits  which  can  be  mounted 
in  a  given  length  of  focal  curve.  On  the  other 
hand,  any  given  spectral  line  can  be  meas- 
ured over  a  much  greater  intensity  range, 
both  because  the  output  of  a  multiplier 
phototube  is  linear  over  approximately  a 
10,000-fold  range  of  intensities  (compared 
to  a  100-fold  latitude  for  a  photographic 
emulsion),  and  because  the  light  flux  trans- 
mitted by  a  slit  will  still  continue  to  rise, 
even  in  the  presence  of  self-reversal  (whereas 
self-reversal  photographically  usually  pro- 
duces a  drop  in  the  microphotometer  deflec- 
tion). A  direct  reader  will  yield  its  highest 
precision  with  lines  that  are  so  strong  they 
would  produce  densities  in  the  range  of  2.0 
to  4.0  in  a  normal  photograph  of  comparable 
exposure  time;  whereas  best  results  are 
achieved  photographically  for  lines  in  the 
density  range  0.3  to  0.7. 

(a)  Analytical  Lines.  A  strong  line  (usu- 
ally the  most  sensitive  line)  of  an  element 
will  normally  be  used  to  measure  concentra- 
tions in  the  range  of  residual  up  to  3  or  5  %, 
unless  there  is  an  interference  from  the  ma- 
trix or  other  elements  possibly  present.  A 
less  sensitive  line  may  be  used  for  the  range 
3  %-20  %,  and  a  third  above  20  %,  but  in  all 
cases  the  lines  should  give  a  strong  signal,  as 
contrasted  to  photographic  practice,  where 
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relatively  weak  lines  must  be  used  to  permit 
precise  measurement. 

(b)  Internal  Standard  Line.  In  contrast  to 
photographic  practice,  where  several  inter- 
nal standard  lines  are  used,  closely  matched 
in  intensity,  wavelength,  and  excitation  po- 
tential to  the  individual  analytical  lines,  in 
direct-reading  techniques  a  single  strong  in- 
ternal standard  line  is  employed  to  control 
the  exposure  for  all  analytical  lines.  Some- 
times the  "raie  ultime"  of  the  internal  stand- 
ard element  is  employed,  but  it  is  better 
practice  to  utilize  a  line  of  intermediate  sen- 
sitivity, which  will  be  free  of  self-reversal 
and  self-absorption.  Since  the  photomulti- 
plier  response  is  linear  and  the  gain  for  each 
analytical  line  can  be  individually  adjusted, 
wavelengths  do  not  need  to  be  matched.  The 
requirement  for  closely  matched  excitation 
potentials  between  internal  standard  and 
analytical  lines  does  not  seem  to  be  as  exact- 
ing as  in  photographic  work.  Possibly  too 
little  attention  is  paid  to  selecting  matched 
lines.  Certainly  excitation  potentials  should 
be  matched  within  the  limitations  imposed 
by  practical  considerations  of  slit  placement, 
line  interferences,  and  sensitivity. 

Speed  and  Cost  of  Analysis.  By  direct- 
reading  procedures  an  individual  operator 
can  analyze  a  single  sample  for,  say,  ten 
elements  in  about  three  minutes  after  re- 
ceipt of  sample  in  the  case  of  pulse-driven 
clocks,  or  in  six  minutes  with  the  scanning  in 
time  technique.  This  contrasts  with  six- 
eight  minutes  for  a  team  of  three  or  four 
operators,  or  twelve  to  fifteen  minutes  for 
an  individual,  using  high-speed  photographic 
methods.  A  series  of  samples  can  be  run  by 
single  operators  in  an  average  elapsed  time 
of  two  and  one-half  to  six  minutes  by  direct 
readers,  compared  to  nine-twelve  minutes 
photographically.  Despite  the  higher  capital 
expenditure,  direct  reading  spectrometers 
will  normally  pay  for  themselves  either  by 
(a)  permitting  close  furnace  control  of  a 
melt,  or  (b)  by  reduced  operating  costs,  if 
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the  number  of  routine  analyses  exceed  25  to 
50  in  a  day. 

Vacuum  Direct  Readers 

Mitteldorf 's  article  on  Vacuum  Spectros- 
copy  discusses  the  significance  of  the  vacuum 
ultraviolet  region  for  photographic  work.  In 
direct-reading  spectrometry,  Applied  Re- 
search Laboratories,  Hilger  &  Watts, 
MBLE,  Optica,  Shimadzu,  and  Jarrell-Ash 
have  developed  instruments  for  this  region, 
specifically  for  the  analysis  of  C,  P,  and  S  in 
ferrous  alloys.  These  instruments  are  differ- 
ent from  standard  integrating  direct  readers 
in  the  following  respects: 

The  Spectrometer.  For  structural  sta- 
bility and  vacuum  tightness,  the  spectrom- 
eters are  built  into  cylindrical  steel  tanks. 
The  Hilger  &  Watts  instruments  employ 
three  fluorite  prisms;  all  the  others  use  con- 
cave gratings  of  1.5  or  2-meter  radius  of 
curvature.  Linear  dispersions  run  from  about 
7  A/mm  in  the  case  of  the  ARL  to  4  A/mm 
in  the  Jarrell-Ash.  The  spectral  range  usually 
starts  at  about  1600  A,  to  include  C  1625  A. 
One  Hilger  &  Watts  instrument,  specifi- 
cally for  C,  P,  and  S,  covers  only  the  vacuum 
ultraviolet.  The  ARL  and  most  others  cover 
up  to  3300  A.  The  Jarrell-Ash  extends  to 
4025  A.  The  spectrometers  are  usually 
evacuated  by  only  a  mechanical  pump,  to  a 
pressure  of  1  to  5  microns.  However,  in  this 
pressure  range  the  transmission  of  the  far 
ultraviolet  lines  will  be  considerably  less 
than  50%,  and  will  be  quite  variable, 
whereas  pressures  in  the  range  10-*  or  IQr4 
mm  Hg  will  increase  and  stabilize  the  trans- 
mission at  essentially  100  %. 

Excitation.  A  high-voltage  spark  has  in- 
sufficient sensitivity  and  too  high  a  back- 
ground for  the  low  concentrations  of  C,  P, 
And  S  required  in  steel  analysis.  Accordingly, 
A  "Multisource"  or  ignited  arc  is  used. 

The  Sample  Stand.  The  oxygen  of  the 
Atmosphere  must  be  reduced  to  a  low  level 
in  the  spark  stand.  The  stand  consists  of  a 
chamber  of  vacuum-type  construction, 


which  is  flushed  with  flowing  argon  gas,  to 
sweep  out  the  oxygen.  The  discharge 
takes  place  in  argon.  It  is  common  to  use  a 
counter-electrode  of  silver,  redressed  after 
about  20  samples.  If  the  sample  is  not  kept 
scrupulously  clean,  the  discharge  is  likely  to 
be  weak  and  will  give  erratic  results.  A  fluo- 
rite lens  or  window  is  used,  and  must  be 
kept  clean. 

The  Detector.  The  multiplier  phototube 
must  have  a  thin,  high-purity  quartz  window 
to  transmit  down  to  1600  A,  with  high  sensi- 
tivity and  low  dark-current.  EMI  13-stage 
tubes  have  been  employed  generally,  at 
least  for  the  vacuum  ultraviolet  lines. 

Spectrochemical  Results.  Typical  spec* 
trochemical  results  are: 


Element 

Concentration 
range  % 

Mean 
Deviation  % 

C 

.010 

.001 

1.60 

.02 

P 

.005 

.001 

.050 

.004 

3 

.005 

.001 

.050 

.003 

Sequential  Integration 

The  fifth  technique  for  direct-reading 
spectrochemical  analysis,  a  procedure  which 
combines  integration  measurements  with  a 
sequential  scan  through  the  spectrum,  has 
been  described  by  Hasler.8  A  phototube 
samples  part  of  the  undispersed  radiation 
through  the  entrance  slit,  and  acts  as  the 
reference  channel,  to  obtain  integration  over 
approximately  10".  The  exit  slit  and  multi- 
plier phototube  are  set  sequentially  on  each 
element  line,  and  the  analytical  capacitor 
accumulates  a  charge.  At  each  new  line 
another  exposure  of  about  10*  is  run,  con- 
trolled in  fact  by  the  reference  channel.  The 
integrated  intensity  for  the  analytical  line  is 
then  determined  by  measuring  the  voltage  on 
the  capacitor  by  means  of  a  high  impedance 
amplifier  and  strip  chart  recorder. 

The  procedure  is  relatively  slow  and  labo- 
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rious,  and  the  results  not  quite  as  accurate 
as  simultaneous  integrated  measurements. 
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DOUBLET  SPECTRA* 

The  extension  of  the  concepts  developed 
for  hydrogenic  spectra  to  arrive  at  an  ex- 
planation of  complex  spectra  is  natural  and 
logical.  An  appropriate  intermediate  step  is 
to  consider  the  relatively  simple  doublet 
spectra  that  have  been  mentioned  in  con- 
nection with  the  empirical  discussion  of  Ryd- 
berg  and  Rinrrilar  series  formulas.  Such  spectra 
originate  in  atoms  or  ions  having  a  structure 
or  charge  configuration  characterized  by  a 
single  active  external  electron.  These  con- 
figurations differ  from  that  of  hydrogen  by 
having  an  inner  core  of  electrons  surrounding 
the  nucleus.  As  in  the  instance  of  hydrogen 
the  energy  states  assumed  by  the  active  or, 
as  it  is  sometimes  called,  the  valence  elec- 
tron, are  identifiable  with  the  spectral 
terms. 

Before  discussing  the  assignment  of  quan- 
tum numbers  to  the  valence  electron  and 
the  resultant  specification  of  energy  states  to 
this  limited  class  of  spectra,  it  is  desirable  to 
describe  briefly  the  electron  configurations  of 
the  elements  following  the  systematic  de- 
velopment of  the  scheme  as  one  goes  through 
the  periodic  table  in  the  order  of  increas- 
ing atomic  number,  this  number,  of  course, 

*  The  fourth  in  a  consecutively  developed 
series  of  articles  on  fundamentals  of  optical 
Emission  Spectra:  see  Introduction:  Designation 
and  Description  of  Spectra  for  list  of  topics,  p.  202. 
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being  equal,  for  each  neutral  atom,  to  the 
total  number  of  electrons  outside  the  nucleus. 
The  electrons  entering  into  the  general  con- 
figuration are  sufficiently  described  by  two 
quantum  numbers  n  and  I.  The  total  quan- 
tum number  n  serves  to  locate  the  electron 
with  reference  to  the  nucleus.  These  total 
quantum  numbers,  which  are  integers  be- 
ginning with  1,  are  associated  in  the  con- 
ventional language  with  a  series  of  shells, 
named  according  to  a  notation  borrowed 
from  X-ray  spectra,  K,  L,  M,  N,  0,  and  P. 
All  electrons  in  the  same  shell  have  the  same 
value  of  n.  The  azimuthal  quantum  number 
Z,  associated  with  the  orbital  angular  mo- 
mentum, takes  integral  values  beginning 
with  zero.  In  the  current  notation  an  elec- 
tron of  a  particular  Z-value  is  indicated  by  a 
lower  case  italic  letter.  These  classes  of 
electrons  are  shown  as  follows: 

I  012345... 

designation    *    p    d   f    g    h .  .  . 

The  assignment  of  I  values  is  also  systema- 
tized. The  system  now  regarded  as  correct 
is  that  proposed  by  Stoner.1  It  was  later 
found  to  be  fully  in  accord  with  the  Pauli 
exclusion  principle,  an  empirical  generaliza- 
tion to  which  there  will  be  further  reference. 
According  to  the  scheme  there  is  a  definite 
number  of  electrons  in  each  complete  shell, 
and  this  number  is  made  up  of  a  fixed  dis- 
tribution, among  the  various  Z-values.  For 
instance,  for  the  first  or  K-shell  there  are 
two  s-electrons,  for  the  second  or  L-shell 
there  are  two  s-  and  six  p-electrons,  and  for 
the  third  or  M-shell  there  are  two  $-,  six  p-, 
and  ten  ^-electrons,  and  so  on.  The  number 
of  electrons  of  the  same  n-  and  Z-value,  called 
equivalent  electrons,  is  indicated  in  the  no- 
tation by  a  small  number  written  as  an  ex- 
ponent. Complete  tabulations  of  the  electron 
configurations  for  all  atoms  concerning  which 
there  is  available  information  are  contained 
in  the  general  references  listed.  The  more  re- 
cent tabulations  are  to  be  preferred  in  the  in- 
stance of  elements  of  atomic  number  90  and 
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higher  since  the  elements  thorium,  protac- 
tinium and  uranium  begin  a  second  series  of 
rare  earths  characterized  by  the  progressive 
filling  of  the  5/-shell,  an  experimental  fact 
established  since  the  earlier  tabulations  ap- 
peared. The  most  up-to-date  tabulations  are 
to  be  found  in  the  "American  Institute  of 
Physics  Handbook," 2  and  in  the  "Key  to 
the  Periodic  Chart  of  the  Atoms,"  prepared 
by  Meggers.8  The  various  groups  are  not 
always  filled  in  order.  For  instance,  the  4s 
and  4s2  configurations  corresponding  to  po- 
tassium and  calcium  are  completed  before 
the  filling  of  the  3d-shell  to  complete  the  first 
long  period.  Similarly  rubidium  and  stron- 
tium characterized  by  5s  and  5s2  appear 
ahead  of  second  long-period  elements  having 
a  configuration  containing  4d-electrons  in 
increasing  number.  The  filling  in  of  the  4/- 
electrons  to  establish  the  first  family  of  rare 
earths  interrupts  the  binding  of  the  5d- 
electrons  to  complete  the  third  long  period. 
Let  us  now  turn  our  attention  to  the 
alkalis  for  which  normal  electron  configura- 
tions may  be  tabulated  as  follows: 


assumes  all  possible  values  of  n  for  each  I 
value.  A  spectral  term  or  energy  value  is 
associated  with  each  of  these  configurations. 
In  notation  now  universally  adopted,  a  cap- 
ital letter  is  used  to  designate  a  term.  Thus 
S  is  the  term  associated  with  an  s-electron. 
Since  all  such  terms  are  doublets  a  super- 
script 2  is  written  before  the  term  designa- 
tion. This  shorthand  convention  may  be 
summarized: 


Electron    s 
Term        *5 


p     d 
*P    'D 


f     g 


The  interpretation  and  representation  of  the 
components  of  the  doublet  structure,  or 
levels  as  they  are  now  called,  remain  to  be 
considered.  The  term  values,  as  has  been 
pointed  out,  may  be  expressed  in  wave 
number  units  by  the  Kydberg  formula 
R/(n  +  /i)2  for  spectra  of  neutral  atoms.  The 
factor  4  is  required  for  singly  ionized  atoms, 
9,  16,  and  so  on  for  the  second,  third,  and 
higher  states.  The  energy  may  be  converted 
to  volts  according  to  the  approximate  rela- 
tion 7(volts)  =  12345  X  lO"8  v.  The  term 


Li 

Na 

K 

Rb 

Cs 

Fr 


Is* 
Is* 
Is* 


2s 


3s 


5s 


6s 


The  probable  configuration  of  the  arti- 
ficially produced  radioactive  alkali,  fran- 
cium,  is  obtained  by  adding  7s  to  the  radon 
configuration.  Owing  to  its  short  life  and 
inavailability  of  a  sufficiently  large  sample, 
its  spectrum  has  not  been  observed.  It  is  the 
single  outer  electron  that  is  responsible  for 
the  characteristic  features  of  these  spectra. 
In  the  normal  or  unexcited  configuration  the 
valence  electron  is  in  an  s-state.  Between  this 
state  and  complete  removal  or  ionization 
a  large  (theoretically  infinite)  number  of 
states  is  possible  in  which  the  electron 


formula  is  comparable  to  the  special  form 
R/n*  for  hydrogen.  The  interpretation  of  the 
integer  n  in  the  hydrogen  formula  as  the 
total  quantum  number  is  not  directly  trans- 
ferable to  the  Rydberg  formula  in  its  his- 
toric form  which  was  adopted  many  years 
before  the  development  of  quantum  theory. 
When  written  in  the  form  R/(n  +  ji)f  the 
value  of  n  is  always  smaller  than  the  total 
quantum  number  in  R/n*  for  the  equivalent 
position  of  the  valence  electron  in  the  hydro- 
genie  case.  To  make  the  respective  values  of 
n  represent  total  quantum  numbers,  it  is 

149 


EMISSION  SPECTROSCOPY— LIGHT 


necessary  to  write  the  Rydberg  term  for- 
mula, R/(n  —  /i)2,  in  which  the  expression 
in  parentheses  is  called  the  effective  quan- 
tum number,  represented  in  equivalent  form 
by  *\/R/v.  When  following  this  usage,  /z  is 


called  the  quantum  defect.  It  compensates 
for  the  screening  effect  of  the  core  of  elec- 
trons surrounding  the  nucleus.  It  would 
have  been  more  logical  to  make  the  correc- 
tion to  the  nuclear  charge  in  the  numerator, 


FIG.  1.  Energy  levels  of  the  sodium  atom  according  to  Grotrian.  Effective  quantum  numbers  are 
shown  at  the  right  margin.  Wavelengths  in  angstroms  appropriate  to  illustrated  transitions  are  noted. 
Doublet  differences  are  too  small  to  be  represented  on  this  scale. 
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which  is  actually  done  in  formulations  for 
separations  of  term  levels,  but  in  the  instance 
of  the  term  formula,  the  historic  pattern  is 
followed.  In  general,  the  quantum  defects 
are  larger  for  terms  of  low  Z  value  and  tend 
to  vanish  as  I  increases.  Terms  with  i-value 
3  or  /-terms  and,  of  course,  all  those  with 
larger  Z  are  very  nearly  hydrogenic.  This  is 
obviously  in  harmony  with  the  Bohr  model 
when  we  note  that  the  smaller  the  value  of  Z, 
the  greater  the  elongation  of  the  orbit  and 
penetration  of  the  core.  For  sufficiently  large 
Z  the  orbit  becomes  circular  and  the  con- 
figuration approximates  the  hydrogen  case 
with  the  core  electrons  balancing  all  but  one 
unit  of  the  positive  nuclear  charge. 


The  term  "structure"  is  most  effectively 
visualized  by  use  of  a  term  diagram  or  in  the 
sense  of  its  physical  meaning  an  energy-level 
diagram.  In  such  a  diagram  the  positions  of 
the  levels  are  plotted  by  measuring  down- 
ward from  the  ionization  limit.  When  the 
permitted  transitions  are  drawn  in  as  slant 
lines,  the  plot  is  called  a  Grotrian  diagram, 
named  for  the  author  of  an  extensive  set  of 
such  diagrams  for  well-known  spectra.4  Fig- 
ure 1  is  a  Grotian19  diagram  for  Na  I  with  the 
energy  level  plot  for  hydrogen  alongside.  The 
doublet  separations  cannot  be  represented 
accurately  on  this  scale. 

The  absolute  value  of  the  lowest  term, 
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FIG.  2,  Energy  levels  of  the  hydrogen  atom.  Wavelengths  in  angstroms  of  the  lines  associated  with 
the  transition  corresponding  to  the  first  lines  of  the  various  series  are  listed. 
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always  the  lowest  2S  term  in  alkali  spectra, 
is  equivalent  to  the  ionization  potential.  It 
may  be  calculated  for  Rydberg-type  series 
if  any  two  members  of  the  principal  series  in 
the  form  vi  =  Ui  2/S  —  m»  2P  can  be  observed. 
If  a  Ritz  equation  is  followed,  three  series 
members  are  needed. 

Transitions  either  for  absorption  or  emis- 
sion follow  fairly  simple  rules.  There  is  no 
limitation  on  changes  in  n.  When  an  electron 
jumps  from  one  orbit  to  another,  the  azi- 
muthal  quantum  number  changes  by  1,  that 
is  Al  =  d=l.  Thus  the  term  transitions  are 
*S  <->  2P,  2P  <-»  2Z>,  2D  *+  2jF,  and  so  on.  Since 
the  terms  are  all  doublets,  the  problem  of 
intersystem  transitions  between  terms  of 
different  multiplicity  does  not  arise.  There 
is  also  a  rule  governing  the  transitions  in- 
volving different  levels  of  a  term  which  is 
taken  up  in  connection  with  the  following 
discussion. 

Early  in  the  development  of  atom  me- 
chanics, it  became  necessary  to  introduce 
another  angular  momentum  in  the  atom  in 
addition  to  the  angular  momentum  in  the 
valence  electron.  At  first  ascribed  to  the 
atom  core,  this  angular  momentum  was  at- 
tributed to  an  electron  spin  by  Uhlenbeck 
and  Goudsmit.  This  interpretation  is  now 
universally  accepted.  The  spin  angular 
momentum  is  also  quantized  in  units  of 
h/2ir  and  the  spin  quantum  number  is  desig- 
nated 5,  always  equal  to  $4  for  a  single  elec- 
tron. The  two  angular  momenta,  I  and  s 
combine  vectorially  to  give  a  resultant 
quantized  angular  momentum  j.  Since  8  is 
always  ±^>  j  is  always  I  db  J£,  so  that  the 
two  values  of  j  correspond  to  the  two  levels 
of  the  doublet.  The  S  term  is  physically 
single  since  I  =  0  and  j  has  only  one  value, 
namely  %.  We  thus  get  the  following  quan- 
tum numbers  for  doublets: 


I 

*S  0 

*P  1 

*D  2 

*F  3 


3 

X 


The  selection  rule  for  j  is  Aj  =  ±1  or  0.  The 
Rvalue  appropriate  to  a  level  is  written  as  a 
subscript  following  the  term  designation. 
For  instance,  the  doublet  P  levels  are  written 


A  doublet  is  a  special  case  of  a  multiple 
term,  called  a  multiplet.  This  is  the  pre- 
ferred use  of  the  terminology  although 
"multiplet"  is  frequently  used  to  designate 
an  array  of  lines  resulting  from  a  transition 
between  multiple  terms.  Multiplet  separa- 
tions are  due  to  the  energy  of  interaction 
between  spin  and  orbital  magnetism  of  the 
electrons.  The  value  of  this  energy  for  a 
single  electron  is  indicated  by  7  and  is  given 
by  the  formula 

7  -  al*s*  cos  (1*8*) 

The  factor  a  is  called  a  separation  factor.  It 
is  constant  for  a  given  term  and  in  the  in- 
stance of  a  hydrogenic  configuration  is  given 
by 

a  -  R*W/n*l(l  +  J£)(Z  -f-  1) 

where  a  is  the  fine-structure  constant.  The 
cosine  term  is  the  cosine  or  the  angle  between 
the  quantum  vectors  having  a  resultant  j. 
The  familiar  trigonometric  form  is 


cos  (l*B*) 


*t  -   fH  - 


Introducing  the  quantum-mechanical  ex- 
pressions for  the  starred  quantum  designa- 
tions, in  accordance  with  previous  discus- 
sion of  the  azimuthal  quantum  number,  Z, 
a  modified  form,  discovered  empirically  by 
LandS,  is  obtained,  namely 


cos  (1*8*) 


+  1)  -  g  +  1)  -  *(*  +  1) 


The  doublet  separation  is  the  difference  be- 
tween the  two  values  of  7,  corresponding  to 
3  =  '  +  M>  and  I  —  J£.  This  reduces  to 


0  +  H)  em-> 


or 


R<x*Z*/n*l(l  +  1)  cm-' 
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For  non-penetrating  orbits  where  the  screen- 
ing of  the  nucleus  is  large,  but  not  quite 
complete,  Z  must  be  corrected  by  a  screen- 
ing constant  and  the  formula  is  written 

A?  -  Ra*(Z  -  <rY/n*l(l  +  1)  cnr1. 

It  is  generally  not  possible  to  calculate  <r  and 
hence  a  directly,  but  <r  follows  a  regular 
curve  in  a  sequence  of  isoelectronic  spectra. 
The  method  has  therefore  proved  extremely 
useful  in  predicting  and  identifying  separa- 
tions in  highly  ionized  spectra.  Numerous 
publications  on  isoelectronic  sequences  by 
Millikan  and  Bowen  and  by  Gibbs  and 
White  in  the  mid-twenties  illustrate  the 
method.  For  penetrating  orbits,  separate 
screening  constants  appropriate  to  the  inner 
and  outer  portions  are  required  and  the 
formula  is  modified  to  read 


A*  - 


cm- 


Formulas  have  been  derived  theoretically 
for  the  relative  intensities  in  multiple  groups, 
In  the  instance  of  a  principal  series  doublet 
the  intensity  ratio  corresponding  to  higher 
and  lower  Rvalues  is  2  to  1.  In  general,  this 
rule  is  followed  closely  for  the  first  members 
of  the  series.  In  applying  the  general  rule  an 
array  is  set  up  in  which  each  level  is  asso- 
ciated with  a  number  equal  to  the  quantum 
weight  of  the  state  given  by  2j  +  1.  This  is 
illustrated  by  an  array  for  the  2P  —  *D 
transition 
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The  unknown  intensities  are  represented 
by  X,  F,  and  Z.  The  zero  is  in  the  position 
of  the  forbidden  transition.  The  following 
relationships  apply: 


6 


Y  +  Z      4 


and 


This  is  satisfied  by  Z  =  9,  Y  =  l,andZ  = 
5.  Experimental  results  are  in  reasonably 
good  agreement. 
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ELECTRONICS  INDUSTRY  APPLICATIONS 

In  the  electronics  industry,  the  connection 
be^Ween  spectroscopy  and  standardization  is 
straightforward.  Instead  of  controlling  the 
composition  of  a  single  alloy,  however,  the 
spectrographer  is  called  upon  to  examine 
almost  every  material  that  finds  its  way  into 
a  vacuum  tube  or  other  electronic  compo- 
nent. Trace  elements  in  Ni  cathodes  ulti- 
mately determine  the  emission  of  electrons, 
thus  the  behavior  of  a  particular  tube.  Upon 
the  impurities  in  Ge  or  Si  depends  the  very 
functioning  of  the  transistor  of  which  it  is 
the  heart. 

In  general,  the  emission  spectrograph  can 
detect  elements  in  the  ppm  range,  while 
elements  are  known  to  have  electronic  effects 
in  the  ppb  range.  Si,  for  example,  is  sold  on 
the  basis  of  its  B  content.  DuPont  has  three 
grades  of  the  transistor  grade  material  in 
which  the  B  content  is  guaranteed  to  be  less 
than  7.1,  3.5  and  1.8  ppb,  respectively.  Di- 
rectly the  spectrograph  can  detect  about  100 
ppb  and  so  concentration  techniques  must 
be  employed,  one  of  the  best  perhaps  being 
that  devised  by  Morrison  and  Rupp  at 
Sylvania.1  With  regard  to  Si  as  well  as  other 
solid-state  materials,  the  ultimate  criterion  is 
their  electrical  properties,  and  materials  are 
sold  with  performance  rather  than  chemical 
specifications.  But  techniques  for  the  latter 
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are  required  in  order  to  predict  and  assure 
proper  performance. 

At  Sylvania  Research  Laboratories,  Mor- 
rison and  Hupp  have  made  considerable 
progress.  Taking  silicon  carbide  as  the 
base — it  is  one  of  the  promising  high-tem- 
perature semiconductors — they  have  re- 
ported greatly  improved  sensitivities  ranging 
from  1-5  ppb  for  Ag  and  Be  to  100-500  ppb 
for  As,  Ge,  Hg,  P,  Sb,  Sn  and  Zn.2  Their 
technique  has  not  been  to  seek  a  panacea 
whereby,  with  a  single  gadget  or  technique, 
the  sensitivity  of  all  of  the  elements  would 
be  miraculously  improved.  Instead,  they 
have  taken  step-by-step  measures  each 
having  small  effect  but  used  together  the 
results  are  cascaded.  Carbon  electrodes  are 
used  rather  than  graphite;  exposure  times 
are  matched  to  the  burn-off  of  the  individual 
elements;  an  argon  atmosphere  is  used  to 
enhance  the  sensitivity  of  certain  elements. 
Present  studies  are  being  made  with  a  high- 
speed spectrograph;  exposure  of  the  order  of 
one-tenth  second  is  possible  for  such  vola- 
tile elements  as  As  and  Hg  in  order  to  op- 
timize their  signal-to-noise  ratios. 

Such  techniques  are  currently  limited  to 
research.  Trace-element  determinations  in 
transistors  are  now  commonplace  on  the  pro- 
duction line.  The  Ge  wafer  is  a  slice  of  a  single 
crystal  oriented  along  the  1,  1,  1  axis.  Once 
sliced,  the  wafer,  about  Jf  6*  on  a  side  and 
0.010*  thick,  is  etched  to  size  either  chem- 
ically or  electrochemically.  The  starting 
material  for  the  Ge  is  germanium  dioxide  al- 
most spectrographically  pure  which  is  re- 
duced in  a  hydrogen  furnace,  zone  refined, 
doped  with  a  trace  of  Sb,  In,  or  As  and  finally 
grown  into  a  single  crystal.  To  obtain  the 
desired  semiconductor  properties,  "im- 
purity dots"  of  In  or  Pb  about  0.008*  in 
diameter  are  fused  to  each  side  of  the  Ge 
wafer.  Leads  are  soldered  to  the  dots  and 
also  to  the  solder-dipped  Ni  base  which  not 
only  supports  the  assembly  but  also  acts  as  a 
heat  sink. 

To  minimize  the  high  rejection  or  "shrink- 
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age"  rate  of  transistors  is  the  goal  of  the 
quality  control  department.  Accordingly,  the 
emission  spectrograph,  among  an  assortment 
of  electronic  testers  and  other  analytical 
tools,  has  become  an  integral  part  of  the 
assembly  line;  its  job  is  to  predict  and  locate 
brewing  trouble.  In  many  plants  the  quality 
control  program  calls  for  the  spectrographic 
analysis  of  almost  every  raw  material.  Every- 
thing including  the  incoming  germanium 
dioxide,  lead  wires,  impurity  dots  and 
solders  is  scrutinized  before  being  released 
to  the  production  department. 

It  is  interesting  to  note  that  alone,  a  re- 
sistance check  on  a  test  bar  of  Ge  is  not  a 
foolproof  test  because  elements  in  Group  III 
and  V  tend  to  offset  one  another  and  certain 
nonionizable  ones  like  Si  do  not  affect  the 
resistance.  A  spectrographic  test  will  often 
suggest  such  a  situation.  But  long  before  the 
final  transistor-grade  bar  is  made,  the  spec- 
trograph is  put  on  the  job.  The  starting  ma- 
terial, germanium  dioxide,  must  show  a  Si 
content  of  less  than  10  ppm  and  all  other 
elements  must  be  undetected.  Of  course,  to 
the  spectrographic  tests  are  added  others 
such  as  bulk  density  measurements,  the 
presence  of  volatiles  at  800°C  and  a  micro- 
scopic examination. 

Impurity  dots  are  also  carefully  checked 
especially  in  view  of  the  ever-present  possi- 
bility of  confusing  the  emitters  with  the 
collectors.  The  former  consist  of  an  In  alloy 
generally  containing  Ga  and  doped  with  Ag 
or  Zn  while  the  collector  dots  are  composed 
of  pure  In.  Solder  materials  are  important 
in  that  the  wrong  material  may  result  in  an 
unacceptably  high  resistance  to  ground. 

Much  research  today  on  transistors  is 
centered  around  high-temperature  applica- 
tions. Needed  especially  in  military  applica- 
tions are  transistors  capable  of  operating  at 
temperatures  up  to  1000°C.  Theoretically, 
the  "three-fives" — compounds  of  Group  III 
and  V  elements — should  be  superior  in  this 
respect.  One  such  three-five,  gallium  arsenide 
does,  indeed,  appear  promising  but  good 
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transistors  have  not,  as  yet,  been  made  con- 
sistently from  it.  In  diodes,  however,  where 
purity  requirements  are  not  so  stringent, 
gallium  arsenide  has  already  found  a  niche. 

One  trace-element  job  of  the  spectrograph 
is  detecting  the  undetectable  in,  say,  spec- 
trographically  pure  Ga.  Before  purification, 
the  Ga  is  analyzed  and  after  the  first  zone 
refining  pass,  both  ends  and  the  center  sec- 
tion are  again  analyzed.  Impurities  may 
either  migrate  to  one  end  or  the  other  or  not 
move  at  all  during  the  initial  pass.  These 
impurities  are  detectable  spectrographically 
in  the  first  zone  refining  pass  and  an  analysis 
often  furnishes  clues  to  the  engineer  who 
wants  to  know  how  many  passes  will  ulti- 
mately be  required  and  whether  certain 
elements  migrate  altogether.  Before  the  im- 
purities dip  below  sensitivity  levels,  spectro- 
graphic  determinations  provide  data  which 
are  then  extrapolated. 

In  a  concerted  effort  to  produce  purer 
gallium  arsenide,  every  operation  is  being 
carefully  scrutinized.  Transistor  grade  etch- 
ing acids  are  further  distilled  in  quartz  stills, 
the  purification  followed  by  the  rotating  disc 
technique  of  analysis.  One  refinement  for 
detecting  lower  concentrations  of  impurities 
is  the  hollow  cathode  in  which  elements  are 
excited  over  and  over  again  instead  of  being 
lost  up  the  stack.  Initial  experiments  with 
traces  of  Fe  have  been  encouraging. 

There  is  interest  in  another  Group  III 
element  which,  presumably,  could  be  coupled 
with  one  in  Group  V.  This  is  B  and  a  recent 
report  by  Harvey8  indicates  a  general  crack- 
ing of  its  sensitivity  barriers.  For  example, 
he  reports  detection  limits  of  about  0.5  ppm 
for  Mg,  Cu,  Cr  and  Ca  using  a  1.5-m  spec- 
trograph which  figures,  when  translated  to 
larger,  more  modern  spectrographs,  would 
probably  mean  0.05  ppm.  Harvey,  like 
Morrison  and  Rupp,  has  chosen  to  optimize 
many  conditions  to  obtain  higher  sensitivity 
rather  than  concentrating  on  but  one.  Each 
element  and  matrix  is  treated  as  a  separate 
problem.  For  some  he  finds  the  Stallwood 


jet  useful;  for  others  atmospheres  other  than 
air. 

Not  all  of  the  work  in  semiconductor  ma- 
terials is  on  traces.  As  mentioned,  impurity 
dots  are  usually  In  alloys,  the  composition  of 
which  has  to  be  closely  controlled.  Hyman4 
reported  on  the  determination  of  Ga,  Zn, 
Ag  and  Al  in  In  alloys  and  has  stated  that 
several  other  elements  have  recently  been 
added  to  the  porous  cup  method  employed. 
For  the  determination  of  Ga  in  individual 
dots,  Murt  of  Lansdale  Tube  Co.,  Lans- 
dale,  Pa.,  has  developed  a  graphite  spark 
technique  soon  to  be  published  in  Applied 
Spectroscopy.  Here  a  single  dot  is  dissolved 
and  dried  on  the  end  of  a  flat-top  graphite 
electrode  where,  after  drying,  it  is  sparked. 
Incidentally,  trace  elements  as  well  as  alloy- 
ing constituents  affect  the  properties  of  In 
and  methods  have  been  worked  out  for  such 
determinations.  Harry  Hyman,  at  RCA 
Semiconductor  Division,  Somerville,  N.  J., 
will  report  in  a  future  issue  of  Applied  Spec- 
troscopy on  an  a.c.  arc  method  in  which  In  is 
first  dissolved  and  then  allowed  to  dry  on  a 
shallow,  center-post  electrode.  This  tech- 
nique permits  the  preparation  of  standards 
from  solutions  of  high-purity  In.  Few  metal- 
lic standards  are  currently  available. 

Because  of  the  ease  in  standardization, 
solutions  techniques  are  becoming  increas- 
ingly popular  despite  the  necessity  for  pre- 
liminary sample  preparation.  Old  standbys 
such  as  the  rotating  electrode  are  still  used 
and  have  a  decided  advantage  when  sus- 
pended matter  is  present  or  suspected  (Sn  in 
acid  solutions,  for  example).  When  complete 
solution  is  effected,  a  number  of  spectrog- 
raphers  use  the  vacuum  cup  electrode 
(UCP  6010)  originally  suggested  by  T.  H. 
Zink  then  at  Armour  Research  Foundation 
in  Chicago.  With  this  electrode,  the  solution 
is  sucked  from  a  Teflon  reservoir  through  a 
fine  hole  into  the  arc  column.  A  similar 
method,  originally  proposed  by  W.  M.  Henry 
of  Battelle  Memorial  Institute  in  Columbus, 
Ohio,  uses  a  porosified  electrode  rather  than 
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one  with  a  hole  drilled  into  it.  The  reservoir 
can  be  made  from  almost  any  plastic  ma- 
terial but  perhaps  the  easiest  and  cheapest 
source  is  the  H"  dm.  polyethelene  caps  used 
for  plastic  mixing  vials.  A  hole  is  simply 
punched  into  the  center  of  the  cap  through 
which  the  arc  porosified  electrode  is  pushed. 
The  method  has  been  found  to  yield  working 
curves  almost  identical  with  those  from  the 
porous  cup  technique. 

Vacuum  Tubes 

In  the  production  of  vacuum  tubes,  there 
is  always  the  possibility  that  the  wrong  ma- 
terial will  be  used  or  that  the  material  used 
is  not  up  to  standard.  Month  of  the  RCA 
Microwave  Div.,  Harrison,  N.  J.,  recently 
presented  a  good  example  of  this.  On  a  mag- 
netron tube  was  found  a  glassy  deposit  con- 
taining Mg,  Al  and  Si.  It  turned  out  to  be 
identical  with  the  brick  inside  a  furnace  in 
which  the  tube  was  baked  and  a  new  kind  of 
brick  was  quickly  substituted.  Magnetrons, 
incidentally,  are  made  using  OFHC  (oxygen- 
free,  high-conductivity)  copper  and  all 
batches  of  this  material  are  checked  for  im- 
purities. A  trace  of  a  volatile  element  would 
be  ruinous  to  tube  operation. 

In  conventional  electronic  tubes,  volatile 
elements  must  be  carefully  avoided,  too. 
Coating  the  inside  of  the  envelope,  an 
element  often  makes  it  conductive  and  plays 
havoc  with  the  electronic  characteristics  of 
the  tube.  When  spotted,  a  bulb  deposit  is  re- 
moved (dabbing  with  acid-wetted  filter 
paper  is  one  technique)  and  arced.  In  one 
such  test  recently  at  RCA,  Ag  was  found 
and  with  a  little  further  detective  work,  it 
was  discovered  that  a  Ni  grid  wire  was 
wrongly  flashed  with  Ag  before  being  plated 
with  Pd.  Ni  plating  baths  are  another  po- 
tential source  of  volatiles.  So  frequently  are 
additives  used  in  these  baths  as  brighteners 
and  anti-pitting  agents  that  all  new  baths 
are  suspected. 

By  far  the  most  important  part  of  a 
vacuum  tube  is  the  cathode— the  source  of 
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electrons.  The  usual  method  employed  to 
obtain  controlled  emissivity  is  to  spray  the 
Ni  shell  with  mixed  Ba,  Ca  and  Sr  car- 
bonates which  are  then  converted  to  the 
oxides  by  heating  as  the  tube  is  evacuated. 
The  emissivity  as  well  as  the  life  of  the  tube 
depends  not  only  on  the  composition  of  the 
mixed  carbonates  but  also  on  that  of  the  Ni 
base.  Depending  on  its  purity,  Ni  varies 
from  active  (99.5  %  pure)  to  passive  (99.99  % 
pure).  Elements  in  the  former,  such  as  Si, 
Mg,  Ti  and  Al,  serve  as  activators  for  the 
carbonates.  They  not  only  increase  the 
emissivity  of  the  latter  but  also  reduce  the 
time  required  for  activation.  The  use  of 
passive  Ni,  on  the  other  hand,  results  in 
lower  emissivity  but,  of  more  interest  in 
military  applications,  a  longer  life-time. 

Through  the  work  of  Committee  F-l  of 
ASTM,  great  strides  have  been  made  in 
standardization  of  cathode  nickels  in  the 
industry.  Three  standards  have  been  made 
available  (the  National  Bureau  of  Standards 
supplies  them)  and  analytical  methods  have 
been  thoroughly  cross-checked.  The  early 
method  devised  by  Jaycox5  in  which  Ni  is 
converted  to  a  powder  and  mixed  with 
graphite  is  still  in  widespread  use  although 
direct  and  solution  techniques  have  also 
been  proposed. 

A  new  development  in  cathode  technology 
is  the  introduction  of  Ni  alloys  (Co  and  Mo 
are  two  such  constituents)  to  replce  rela- 
tively pure  Ni.  The  alloys  are  sprayed  with 
carbonates  and  are  used  where  high  strength 
at  high  temperatures  is  needed  in  magne- 
trons, for  example.  Magnetrons  are  made 
with  still  another  type  of  cathode  called  a 
matrix  cathode  which  consists  of  a  hollow 
sintered  cylinder  of  W  and  Ba.  The  cylinder 
is  slipped  over  the  heater  wire  which,  in  turn, 
is  packed  with  aluminum  oxide. 

Such  techniques  are  used  to  secure  maxi- 
mum performance  from  tubes,  because  mini- 
aturization, operation  at  higher  temperatures 
and  greater  ruggedness  are  the  by-words 
everywhere.  RCA's  Nuvistor  is  a  recent 
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development  along  these  lines.  It  is  made 
completely  of  metal  and  ceramic,  is  a  frac- 
tion the  size  of  an  ordinary  receiving  tube 
and  has  extremely  high  resistance  to  me- 
chanical shock  and  vibration. 

While  Ni  alloys  are  being  used  for  greater 
strength  cathode  structures,  a  basic  study 
is  now  under  way  on  high-purity  Ni  at 
Sylvania  Research  Laboratories.  The  sub- 
ject of  activators  is  still  more  of  an  art  than 
a  science  but,  with  the  help  of  an  Air  Force 
contract,  Sylvania  is  attempting  to  determine 
the  effects  of  individual  impurity  elements 
on  the  Ni.  Here  the  emission  spectrograph  is 
invaluable  to  metallurgists  in  adding  tiny 
traces  of  elements  to  Ni  metal. 

As  indicated  earlier,  volatilization  inside 
an  operating  tube  is  often  a  fatal  weakness 
and  much  research  has  been  undertaken  to 
prevent  and  inhibit  the  phenomenon.  One 
notable  study  was  made  at  RCA's  Micro- 
wave Division  by  Joseph  Antalec,  using  the 
new  RCA  X-ray  spectrograph.  Films  of 
various  alloys  are  evaporated  and  then 
compared  with  the  base  alloy.  From  these 
studies  it  is  hoped  to  predict  volatiliza- 
tion rates  of  the  alloys  and  correlate  them 
with  the  basic  gas  laws.  As  a  non-destructive 
tool,  the  X-ray  spectrograph  is  also  being 
used  for  analyzing  iron-nickel  films  which 
are  finding  application  as  tiny  magnetic 
memory  devices. 

As  all  household  appliance  repairmen 
know,  an  eerily  glowing  vacuum  tube  usually 
indicates  incipient  failure.  John  A.  Grosso  of 
Tung-Sol,  Bloomfield,  N.  J.,  described  sev- 
eral instances  where  glows  were  analyzed 
spectrographically.  In  one  receiving  tube,  by 
exciting  the  gas  with  a  Tesla  coil,  he  recorded 
the  dim  light  using  an  exposure  of  several 
hours  on  a  103-F  plate.  Hydrogen  lines  were 
detected,  indicating  the  presence  of  water 
vapor.  In  high-power  tubes  used  at  micro- 
wave frequencies  any  absorbed  water  vapor 
on  the  surfaces  of  glass  or  ceramic  insulators 
may  dissociate  and  release  hydrogen  to  upset 
the  operation  of  the  tube.  Leaks  are  another 


source  of  trouble  inside  a  tube.  In  a  rejected 
neon  indicator  lamp  Grosso  detected  nitro- 
gen bands — strong  circumstantial  evidence 
of  air  leaking  into  the  envelope.  In  a  cold 
cathode  tube  carbon  monoxide  bands  were 
detected — indicating  the  presence  of  organic 
materials,  possibly  oil  from  the  vacuum 
pump.  In  a  lamp  filled  with  Kr  and  N,  cy- 
anogen bands  were  found,  once  more  indi- 
cating oil  vapor. 

Kr  may  seem  exotic  to  most  spectrog- 
raphers  who  would  probably  make  some 
very  careful  measurements  before  reporting 
it.  But  in  the  tube  industry  almost  any  com- 
bination of  elements  is  likely  to  be  involved. 
In  vacuum  tube  grid  wires  one  is  likely 
to  encounter  Fe,  Mn,  Mo  in  a  Ni  base 
(Hastelloys)  or  perhaps  W-Mo  alloy;  Cu 
alloys  containing  Cr  are  used  in  grid  sup- 
ports; Zr,  W  or  both  are  often  alloyed  with 
Ni  in  cathode  alloys  for  high  emissivity; 
Ba  is  the  metal  used  in  getters  which,  when 
flashed,  traps  residual  gases.  A  really  un- 
usual combination  of  elements  was  recently 
used  to  seal  lead  wires  in  the  ceramic  base  of 
RCA's  Nuvistor.  The  base  is  dipped  into  a 
solution  of  Mo  and  Li  salts  and  fired  in  hy- 
drogen to  reduce  the  Mo  which  adheres 
nicely  inside  the  holes.  The  surfaces,  also 
coated,  are  given  a  light  grinding  to  remove 
the  Mo. 

Phosphors 

With  the  advent  of  fluorescent  lighting, 
then  television  and  soon  electroluminescent 
lighting,  the  production  of  phosphors  has 
mushroomed  over  the  past  two  decades. 
Most  commercial  phosphors  are  made  from 
zinc  sulfide  or  mixtures  of  co-precipitated 
zinc-cadmium  sulfide  in  which  small  amounts 
of  Cu,  Ag  or  Mn  behave  as  activators.  The 
efficiency,  lifetime,  brightness  and  color  are 
all  severely  affected  by  composition  and  close 
analytical  control  is  called  for  with  the  spec- 
trograph again  taking  a  dominant  position. 
Electroluminescence  is  fascinating  as  well  as 
alluring  because  it  offers  hopes  for  panels  of 
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flare-free  light.  Before  these  panels  can  be 
installed  in  the  home,  however,  efficiency 
must  be  improved  to  compete  with  more 
conventional  types  of  lighting.  There  is  no 
question  that  research  on  different  materials, 
activators  and  technique  will  someday  make 
such  lighting  common  but,  thus  far,  the  only 
large-scale  applications  are  in  automobile 
dashboard  lighting  and  household  night 
lights. 
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EXCITATION  UNITS 

Fundamentals 

Any  source  which  is  to  be  used  in  emission 
spectroscopy  must  be  capable  of  (a)  intro- 
ducing the  sample  into  the  discharge  in  a 
vaporized  form,  usually  dissociated  into 
individual  atoms,  and  (b)  exciting  the  elec- 
trons (or  the  vibrational  modes  of  a  mole- 
cule) to  energy  levels  higher  than  the 
ground  state. 

Once  a  sample  has  been  introduced  into  a 
discharge  and  the  atoms,  have  been  excited 
to  emit  light,  it  can  be  assumed  that:  (1) 
the  intensity  of  a  spectral  line  of  an  element 
is  proportional  to  the  number  of  atoms  of 
that  element  in  the  sample;  and  (2)  the 
blackness  of  a  photographed  spectral  line, 
or  the  current  from  a  detector  behind  an 
exit  slit  set  on  the  line  is  proportional  to  the 
intensity  of  the  line  in  the  source  and  hence 
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to  the  concentration  of  the  element  in  the 
sample. 

Unfortunately,  in  most  cases  neither  of 
these  assumptions  is  correct  to  the  degree 
required  for  quantitative  results  good  to  1  or 
2%  precision.  Some  of  the  problems  asso- 
ciated with  condition  (1)  are  discussed  below. 
Condition  (2)  may  not  be  satisfied  simply 
because  of  erratic  illumination  of  the  spec- 
trograph  from  exposure  to  exposure,  or  be- 
cause of  the  complications  of  photographic 
photometry. 

Gerlach  and  Schweitzer1  suggested  that 
safer  assumptions  would  be:  (1)  the  ratio  of 
the  intensity  of  a  spectral  line  of  a  minor 
element  to  the  intensity  of  a  spectral  line  of 
the  matrix  element  (or  an  element  added  in 
known  amount)  is  a  measure  of  the  concen- 
tration of  the  minor  element;  and  (2)  the 
relative  blackness  of  two  photographed  lines 
(or  the  ratio  of  currents  from  photomulti- 
pliers)  can  be  reduced  to  the  ratio  of  in- 
tensities in  the  source  and  hence  to  the 
concentration. 

Usually  it  is  possible  to  control  conditions 
so  that  these  two  assumptions  are  justified 
to  within  1  %.  The  resulting  analytical  pro- 
cedure is  called  the  "internal  standard 
method"  of  analysis. 

A  spectroscopic  source  unit  which  is  to  be 
used  for  quantitative  Spectrochemical  analy- 
sis must,  therefore,  either  burn  off  the 
sample  and  excite  the  atoms  so  reproducibly 
that  a  direct  measurement  of  blackness 
suffices  for  a  measurement  of  the  concentra- 
tion, or  it  must  burn  off  and  excite  the  im- 
purity and  internal  standard  elements  so 
similarly  that  the  intensity  ratio  of  their 
lines  will  be  exactly  proportional  to  concen- 
tration. 

Introducing  the  Sample  Into  the  Dis- 
charge. A  common  mechanism  for  intro- 
ducing the  sample  into  the  discharge  is  by 
direct  vaporization  as  a  result  of  the  heating 
of  the  sample,  first  perhaps  by  the  electrical 
current  which  passes  through  it  as  a  DC  arc 
is  struck,  but  mainly  as  a  result  of  the  dis- 
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charge  itself.  A  sample  may  also  be  blasted 
into  the  discharge  as  a  result  of  the  bombard- 
ment of  positive  ions  or  possibly  high  veloc- 
ity electrons,  as  in  the  high  voltage  spark.2 

Vaporization  of  the  Sample.  The  direct 
current  arc  relies  almost  exclusively  on  the 
heating  of  the  sample  to  volatilize  the  ele- 
ments into  the  arc  stream.  This  results  in  a 
process  known  as  fractional  distillation. 
During  the  first  few  seconds  of  a  discharge 
such  elements  as  Hg,  Cd,  Zn,  Pb,  As,  and 
Sb  will  vaporize.  Then  elements  such  as  the 
alkalis  and  the  transition  elements  will  boil 
off.  Finally  the  heavy  metals,  or  elements 
such  as  the  alkaline  earths,  if  present  as 
highly  refractory  oxides,  will  begin  to  appear 
in  the  arc  stream.  The  temperature  of  the 
discharge  will  tend  to  remain  constant  until 
each  fraction  is  volatilized.  Fig.  1  shows  how 
fractional  distillation  may  be  employed  in 
the  carrier  distillation  method  for  determin- 
ing impurities  in  zirconium. 

The  DC  arc  is  used  in  several  different 
procedures  for  semi-quantitative  spectro- 
chemical  analysis,  where  the  objective  is  to 
obtain  a  quantitative  estimate  of  the  con- 
centration of  elements  in  a  wide  variety  of 
unknowns,  accurate  to  perhaps  25  %  of  the 
amount  present.  It  is  customary  to  "burn 
the  sample  to  completion".  Unless  the  un- 
knowns are  quite  similar,  a  buffer  must  be 
added  to  establish  the  volatilization  rate 
and  excitation  conditions.  In  such  a  pro- 
cedure, the  over-all  integrated  intensity  of  a 
line  is  taken  as  a  direct  measure  of  an  ele- 
ment's concentration  in  the  sample. 

For  accurate  quantitative  analysis,  as 
mentioned  above,  it  is  usually  necessary  to 
measure  the  intensity  ratio  of  two  lines,  one 
originating  in  the  standard.  Fractional  dis- 
tillation renders  this  procedure  more  suscep- 
tible to  error. 

It  is  easy  to  see  that  fractional  distillation 
(Fig.  1)  would  make  it  impossible  to  employ 
zirconium  as  an  internal  standard  for  the 
determination  of  Pb,  for  example,  or  to  com- 
pare elements  even  more  similar  in  their 
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FIG.  1.  Fractional  distillation  in  a  DC  arc. 

volatilization  rates.  Zirconium  is  obviously 
so  refractory  that  it  does  not  have  a  com- 
patible burning  time  with  most  of  the  other 
elements. 

Fractional  distillation  is  present  in  all 
cases  where  the  sample  becomes  really  hot, 
even  in  the  case  of  a  spark,  and  its  effects 
should  always  be  determined  and  either 
offset  or  corrected. 

Ion  Bombardment.  In  the  spark,  the  sam- 
ple is  introduced  into  the  gap  primarily  by 
the  bombardment  of  the  cathode  by  ener- 
getic positive  ions,  in  the  first  fraction  of  a 
microsecond,  when  the  potential  drop  across 
the  electrodes  is  in  the  thousands  of  volts. 
The  actual  mechanism  is  not  known  clearly, 
but  may  be  due  to  very  high  heating,  to 
10,000  or  20,000°  K,  in  the  surface  layer  of 
the  cathode.  In  any  case,  the  amount  of 
material  volatilized  is  much  less  but  far 
more  reproducible  than  in  the  arc,  and  with 
low  inductance,  there  is  also  very  little  inter- 
element  effect.  If  the  sample  is  fine-grained 
and  uniform,  with  a  reproducible  surface 
finish,  the  rate  of  sample  introduction  from 
exposure  to  exposure  will  be  highly  repeat- 
able.  Segregation  within  the  sample,  or  a 
coarse  and  variable  grain  structure,  will 
introduce  variations. 

Exciting  the  Sample.  Mechanism  of  Ex- 
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citation.  Once  the  atoms  of  a  sample  have 
been  introduced  to  the  discharge  they  may 
be  excited  to  higher  energy  levels  by:  (a) 
collisions  with  high  velocity  electrons  or 
ions;  (b)  collisions  with  atoms  or  ions  which 
have  previously  been  excited,  so  that  during 
the  collision  they  may  transmit  some  of  their 
energy  ("collisions  of  the  second  kind") ;  (c) 
absorption  of  radiation  emitted  by  another 
atom. 

All  three  of  these  processes  are  normally 
active  in  spectroscopic  sources.  As  the  tem- 
perature of  the  source  is  increased,  the 
kinetic  energies  of  the  various  particles  be- 
come higher,  so  that  collisions  result  in  ex- 
citation of  the  higher  energy  levels.  A  Bunsen 
flame  at  1600°  C  will  excite  only  the  res- 
onance lines  of  Na,  K,  and  other  elements 
whose  lowest  energy  levels  are  less  than  2.5 
electron  volts.  The  oxy-acetylene  flame  at 
2800°  C  will  excite  atomic  or  molecular  band 
lines  for  some  thirty  of  the  elements  with 
energy  levels  below  about  3.5  electron  volts. 
Arcs  at  4500-8000°  C  emit  lines  both  from 
the  neutral  atom  and  from  singly  ionized 
atoms,  as  do  sparks  with  effective  tempera- 
tures up  to  9000°.  High  voltage  sparks  in 
vacuum  produce  lines  of  multiply-ionized 
atoms. 

Effect  of  Temperature  on  Excitation.  What- 

TABLB  1 


Source 
Temperature 

Source  Temp. 
Variation 
AT  (°K) 

Permissible  Wavenumber 
Difference  Between 
Two  Lines 

2000 

10 

2800cm.-1 

100 

290 

1000 

42 

5000 

10 

7000 

100 

730 

1000 

104 

10000 

10 

14000 

100 

1460 

1000 

210 

These  data  are  calculated  for  Tna.-gi™\iTn  of  1% 
variation  in  the  line  intensity  ratio. 
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ever  the  mechanism  of  excitation,  the  in- 
tensity of  a  spectral  line  arising  from  an 
initial  level  Ei  is  determined  by  the  number 
of  atoms  which  occupy  that  energy  level, 
given  by: 


N  -  OA/oe   ^   **•   ) 

where  No  is  the  total  density  level  of  atoms, 
EQ  is  the  ground  state,  k  is  the  Boltzmann 
constant,  and  T  is  the  effective  temperature 
of  the  source. 

Norris8  has  pointed  out  the  influence  of 
temperature  on  the  intensity  ratio  of  two 
lines.  If  the  temperature  increases  from  T* 
to  T\ ,  there  will  be  a  change  in  intensity 
ratio  of  : 


r— - -) 


where  A<r  is  a  given  wavenumber  separation 
between  the  two  lines. 

Norris  presents  the  data  of  Table  1  to 
show  the  TnaarimuTn  wavenumber  difference 
permissible  if  the  intensity  ratio  is  not  to 
change  by  more  than  1  %  for  specific  tem- 
perature variations  at  different  temperature 
levels.  As  a  practical  illustration,  if  Li  at 
6707  A  is  used  as  an  internal  standard  for 
the  determination  of  Na  at  5890  A  in  a  flame 
at  2000°K,  the  wavenumber  separation  of 
2050  cm-1  requires  that  the  temperature  not 
vary  by  more  than  15°  to  avoid  errors  in 
intensity  ratios  greater  than  1  %. 

Norris  emphasizes  also  the  effect  of  tem- 
perature on  the  degree  of  ionization.  To 
illustrate,  if  we  attempt  to  determine  Al  in  a 
steel  using  iron  as  an  internal  standard,  in  a 
source  operating  at  8000°K,  Al  will  be  42% 
ionized  and  Fe  only  12%.  If  the  tempera- 
ture should  change  to  9000°K,  Al  would  be 
67  %  ionized,  Fe  24  %.  The  degree  of  ioniza- 
tion for  the  iron  would  have  altered  so  much 
more  rapidly  than  aluminum  that  the  in- 
tensity ratio  would  have  been  changed  by 
51%. 

Self-Reversal.  At  higher  concentrations, 
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the  intensity  of  a  line  may  be  reduced  by  self  - 
reversal,  or  self-absorption.  In  the  core  of  a 
DC  arc,  the  atoms  are  traveling  at  high 
speeds,  some  toward,  some  away  from  the 
slit.  This  introduces  a  Doppler  broadening 
of  the  line.  In  the  outer  layers  of  the  arc, 
the  temperature  is  lower  and  the  atoms  are 
traveling  more  slowly.  Outer  atoms  absorb 
light  traveling  toward  the  slit,  which  they 
re-emit  in  all  directions.  The  net  result  is  a 
reduction  in  the  light  at  the  very  center  of 
the  line.  Such  self-reversal,  if  significant,  will 
considerably  reduce  the  densitometer  read- 
ing at  the  peak  of  a  spectral  line. 

Broadening  of  Lines.  Doppler  broadening 
in  the  DC  arc  and  Stark  broadening  in  the 
spark  impose  limits  on  resolving  power  inde- 
pendent of  the  spectrograph,  as  mentioned 
under  the  discussion  of  resolution.  Isotope 
analysis  may  require  the  use  of  special  cool 
discharges  to  sharpen  the  lines  emitted  in  the 
source. 

Selection  of  Analytical  Line  Pairs  and 
Internal  Standard.  On  the  basis  of  the  fore- 
going description  and  the  practical  necessi- 
ties of  an  analytical  problem  it  is  possible  to 
establish  the  following  criteria  for  selecting 
an  internal  standard  and  suitable  analytical 
lines,  as  follows: 

(a)  the  internal  standard  should  volatilize 
approximately  simultaneously  with  the  ele- 
ments to  be  determined; 

(b)  the  ionization  potentials  of  internal 
standard  and  unknown  elements  should  be 
closely  similar; 

(c)  the  lines  employed  should  have  closely 
the  same  excitation  potentials,  and  should 
be  closely  matched  in  wavelength.  They 
should  be  free  of  self-reversal  (at  least  in 
photographic  work) ; 

(d)  the  internal  standard  element  must 
•either  predominate  and  have  relatively  the 
same  composition  in  all  samples  or  it  must 
be  introduced  as  aji  added  element  in  exactly 
known  concentrations; 

(e)  if  added,  the  internal  standard  must 
not  be  present  in  any  of  the  samples  in 


amounts  greater  than  1%  of  the  amount 
added,  and  the  internal  standard  must  not 
contain  impurities  at  a  level  that  would 
affect  the  analytical  results. 

Excitation  Circuits 

Direct  Current  Arc.  The  DC  arc  (Fig. 
2)  is  both  the  simplest  and  most  versatile  of 
spectroscopic  sources.  The  only  components 
required  are  a  direct  current  power  supply, 
a  variable  resistor  and  the  discharge  gap 
itself.  The  arc  gap  has  a  negative  coefficient 
of  resistance,  that  is,  its  resistance  falls  as 
the  current  increases.  Accordingly,  it  is 
inherently  unstable.  A  relatively  high 
terminal  voltage,  150  volts  or  higher,  per- 
mits the  use  of  a  stabilizing  ballast  resistor. 
The  voltage  across  the  analytical  gap  itself 
will  be  20-25  volts  when  alkali  metals  are 
in  the  gap,  and  50-70  volts  between  carbon 
or  graphite  electrodes. 

The  traditional  DC  power  supply  was  a 
motor  generator  set.  However,  a  full-wave 
vacuum  tube  rectifier  supply,  with  a  variable 
core  reactor  for  current  control,  is  now  al- 
most universal.  Usually  currents  are  between 
3  and  10  amperes;  when  a  sample  is  highly 
refractory,  currents  may  be  increased  to  as 
high  as  30  amperes.  Poritsky4  has  employed 
as  much  as  200  amperes  for  the  analysis  of 
impurities  in  tungsten. 

Some  72  of  the  natural  elements  can  be 
determined  in  the  DC  arc,  in  virtually  any 
form  of  sample.  The  arc  is  one  of  the  most 
sensitive  means  of  excitation,  because  so 
much  sample  is  consumed  and  excited.  The 
line  to  background  ratio  is  good.  If  analytical 
and  internal  standard  lines  are  carefully 


FIG.  2.  Circuit  diagram  for  DC  arc. 
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chosen,  coefficients  of  variation  as  low  as  2 
or  3%  can  be  achieved.  More  normal  pre- 
cision is  5-15%. 

When  the  sample  is  a  powder,  the  usual 
practice  is  to  insert  it  in  a  cavity  in  the 
lower  electrode,  which  is  made  positive.  The 
electrons  hitting  the  anode  heat  it  white-hot, 
so  that  the  sample  is  rapidly  vaporized. 

The  Carbon  Arc  Cathode  Layer.  Strock6 
has  pointed  out  that  if  carbon  electrodes  are 
employed  and  the  lower  sample  electrode  is 
made  negative,  the  specimen  will  still  be 
vaporized  quickly,  because  of  the  much 
poorer  thermal  conductivity  of  carbon  com- 
pared to  graphite.  Further,  there  is  a  con- 
centration of  ions  (and  of  neutral  atoms 
after  recombination)  in  a  narrow  region  next 
to  the  cathode.  Strock  achieved  greater  sensi- 
tivities by  a  factor  of  10-  to  50-fold  when  he 
focused  this  region  of  the  gap  on  the  slit. 
The  enhancement  effect  varies  from  element 
to  element  and  line  to  line. 

Commercial  direct  current  arcs  delivering 
up  to  60  amperes  in  the  most  powerful 
models  are  produced  by  Jarrell-Ash  Com- 
pany, National  Spectrographic  Laboratories, 
and  Baird-Atomic. 

The  High  Voltage  Alternating-Cur- 
rent Spark.  For  routine  quantitative  re- 
sults, precise  to  1%  or  better,  the  high 
voltage  AC  spark  has  proved  most  suitable. 
By  contrast  with  the  DC  arc,  the  spark  has 
relatively  poor  concentrational  sensitivity, 
primarily  because  of  relatively  high  back- 
ground radiation. 

Several  different  forms  of  spark  are  de- 
scribed later,  but  all  have  the  same  basic 
form  of  secondary  circuit  (Kg.  3)  consisting 


of  a  high  voltage  capacitor,  C,  an  inductance, 
L,  a  resistance,  5,  and  the  gap,  0.  The  vari- 
ous forms  of  circuit  differ  mainly  in  the 
mechanism  used  to  trigger  the  breakdown  of 
the  analytical  gap.  In  some  circuits  the  gap 
may  break  down  several  times  during  each 
half  cycle  of  the  primary  current  supply.  At 
each  breakdown,  a  train  of  oscillatory  dis- 
charges passes  through  the  analytical  gap, 
with  a  frequency  determined  by 


f~»-4/LC      4L*' 


which  reduces  to 


svS- 


since  Iff  is  invariably  much  less  than  4L/C. 
The  current  is  given  by: 


-VUUUI; y/WVW— I 
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FIG.  3.  Secondardary  circuit  of  a  high  voltage 
spark. 
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From  this  equation  it  will  be  seen  that  the 
current  is  increased  by  increasing  V  or  C  or 
reducing  L.  Raising  the  resistance,  fi,  in- 
creases the  damping.  Conversely,  adding  to 
the  inductance,  L,  reduces  the  damping. 
Finally,  increasing  L  or  C  decreases  the  fre- 
quency. 

The  instantaneous  voltage  across  the  gap 
at  breakdown  will  be  several  thousand  volts, 
but  will  fall  within  a  microsecond  or  less  to 
35-70  volts,  corresponding  to  the  DC  arc. 
The  initial  voltage  of  the  second  and  later 
oscillations  rises  to  only  several  hundred 
volts.  The  current  in  the  train  of  oscillations 
also  falls  rapidly  if  the  damping  is  severe. 
Recent  studies  by  Dieke6  and  Bardocz7 
have  demonstrated  that  the  light  emitted 
during  the  first  5  to  10  microseconds  consists 
primarily  of  continuous  background  and 
gaseous  band  spectra.  This  radiation  dies  out 
rapidly,  while  the  emission  of  the  metallic 
spark  lines  continues  for  40  or  50  microsec- 
onds and  some  arc  lines  persist  for  100  micro- 
seconds. As  a  result,  after  10  microseconds 
the  metallic  lines  stand  out  relatively  clear  of 
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FIG.  4.  Time-resolved  photograph  of  a  high  voltage  spark. 


background.  The  effect  is  shown  in  Fig.  4 
which  Bardocz  photographed  by  employing 
his  electronic  source  and  timing  mechanism, 
described  later.  The  individual  oscillations, 
lasting  about  2  microseconds,  show  up 
clearly. 

Such  time-resolved  photographs  are  val- 
uable for  the  information  they  contribute 
about  the  physical  processes  taking  place  in 
the  spark.  If  the  equipment  is  arranged  to 
block  the  first  10  microseconds  of  each  gap 
breakdown,  it  is  possible  to  maintain  the 
line  intensity  essentially  unchanged,  while 
markedly  reducing  the  background,  thus 
improving  the  sensitivity  of  detection.  A 
comparable  improvement  in  line  to  back- 
ground radiation  can  be  obtained  by  increas- 
ing the  inductance,  which  similarly  sup- 
presses air  lines.  Unfortunately,  both  pro- 
cedures seem  at  the  same  time  to  reduce  the 
precision  slightly.  Moreover,  increased  in- 
ductance makes  inter-element  effects  more 
pronounced. 

The  Simple  Condensed  Spark.  The  earlier 
circuits  (Fig.  5a)  employed  %  *o  1  K.W., 
transformers  of  15,000  volt  secondary.  The 
secondary  circuit  consisted  of  a  capacitor  of 
approximately  .005  /if,  inductance  up  to 


100  /xh,  and  the  analytical  gap  itself.  The 
secondary  voltage  could  be  adjusted  by  an 
auto-transformer,  and  the  spark  gap  might 
be  set  at  2,  2J^,  or  3  mm,.  The  function  of 
the  capacitor  is  to  store  energy  so  that  when 
the  analytical  gap  breaks  down  there  will  be 
a  large  current  flow.  The  larger  the  current, 
the  brighter  will  be  the  lines  of  metallic 
elements.  The  inductance,  on  the  other 
hand,  reduces  the  instantaneous  current 
flow,  which  has  the  effect  of  suppressing  air 
lines,  as  pointed  out  above.  The  transformer 
has  to  have  sufficient  power  to  charge  the 
condenser  to  the  voltage  required  to  break 
down  the  gap,  at  least  once  during  a  half 
cycle.  Since  sharply  pointed  electrodes  in 
dry  air  require  about  12,000  volts/cm  to 
initiate  a  discharge,  a  3-mm  gap  between 
relatively  blunt  electrodes  will  require  6000- 
7000  volts.  The  power  requirement  is  then 
given  by: 

P  -  CFo2/,  where  C  -  .005  /if,  V,  -  7000, 
and  /  -»  120  breaks/second  for  a  60-cycle 
current  breaking  down  once  each  half  cycle. 
This  works  out  to  only  about  30  watte.; 

If  the  resistance  in  the  secondary  is 
nrnniTnftl — 1  ohm  or  so — an  oscillatory  train 
of  discharges  will  take  place,  with  a  fre- 
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quency  given  by: 


(a) 


(b) 


(o) 


FIG.  5.  Circuit  diagrams  of  common  high  volt- 
age spark  sources. 

(a)  Simple  condensed  spark 

(b)  Feussner  rotating  auxiliary  gap 

(c)  ARL  rotating  auxiliary  gap 

(d)  Michigan  auxiliary  air  gap 

(e)  Bardocz  electronically  ignited  spark 
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2TV11T4  .5  X 

-  2.2  X  105  oscillations/second 

The  simple  condensed  spark  is  a  consider- 
able improvement  over  the  DC  arc  for  gen- 
eral precision,  but  the  gap  may  not  break 
down  each  time  at  the  same  voltage  due  to 
gradual  oxidation  of  the  sample  and  to 
convection  currents  across  the  gap.  The 
duration  of  the  oscillatory  discharge  also 
varies  with  convection  currents.  For  this 
reason,  more  elaborate  circuits  have  been 
developed. 

The  Rotating  Auxiliary  Gap  or  Feusmer 
Spark.  In  the  Feussner  circuit  (Fig.  5b)  the 
analytical  gap  cannot  break  down  until  an 
auxiliary  rotating  electrode  comes  abreast  a 
fixed  electrode.  If,  at  the  instant  of  align- 
ment, the  capacitor  has  reached  the  re- 
quired voltage,  the  whole  circuit  will  break 
down.  The  discharge  will  be  quenched  rap- 
idly as  the  auxiliary  electrode  continues  to 
rotate.  Such  a  circuit,  with  a  synchronous 
motor,  gives  highly  repeatable  times  of 
breakdown  and  quenching,  independent  of 
variations  in  the  conditions  at  the  analytical 
gap.  If  the  mains  supply  is  constant,  or  if  a 
voltage  regulator  is  employed,  the  voltage 
at  breakdown  will  be  repeatable. 

A  Feussner-type  spark  was  used  by  Ap- 
plied Research  Laboratories  in  its  original 
high  voltage  spark.  The  principle  of  the 
rotary  gap  was  utilized  in  the  Multisource 
(described  later  under  ignited  arcs).  The 
latter  forms  the  basis  for  the  design  of  the 
spark  section  of  the  ARL  High  Precision 
Source.  In  this,  a  transformer  with  center- 
tap  grounded,  producing  20,000  volts  either 
side  of  ground,  charges  four  .007  mfd  con- 
densers, two  during  each  half  cycle,  through 
rectifier  tubes.  The  condensers  are  dis- 
charged successively  by  the  rotating  auxil- 
iary gap  (Fig.  5c).  The  inductance  is  variable 
from  residual  to  1440  microhenries.  The 
auxiliary  gap  is  irradiated  by  ultraviolet 
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light  from  a  mercury  lamp,  to  provide  a 
constant  level  of  ions  and  thus  improve  the 
regularity  of  ignition. 

The  Auxiliary  Air  Oap  or  University  of 
Michigan  Spark.  In  an  effort  to  devise  a 
more  direct  control  over  the  breakdown 
voltage,  and  a  simpler  mechanical  arrange- 
ment than  the  rotating  gap,  Wolfe  and 
Enns9  of  the  University  of  Michigan  devised 
a  circuit  in  which  the  controlling  element  is  a 
fixed  auxiliary  gap  quenched  by  an  air  blast 
(Fig.  5d).  The  air  blast,  at  several  pounds 
pressure,  quenches  each  spark  train  and 
drives  out  all  ions,  so  that  as  the  capacitor  is 
charged  once  more  it  faces  each  time  an 
identical  condition  for  breakdown  of  the  gap. 

Leeds  &  Northrup  first  produced  the  Uni- 
versity of  Michigan  spark  circuit  commer- 
cially, followed  by  National  Spectrographic 
Laboratories,  Jarrell-Ash  Company,  and 
Baird-Atomic.  Jarrell-Ash  Company,  finding 
that  oxidation  of  the  auxiliary  electrodes 
considerably  altered  the  cold  emission  of 
electrodes  required  to  initiate  the  breakdown 
if  no  residual  ions  are  present,  introduced 
ultraviolet  irradiation  of  the  gap  to  provide 
a  continuing  and  constant  concentration  of 
ions.  The  gap  then  is  highly  reproducible  in 
voltage,  and  the  need  to  redress  the  elec- 
trodes is  reduced. 

A  large  Jarrell  Ash  ''Varisource"  spark 
unit  uses  a  7.5  K.W.  transformer  with  33,000 
volt  secondary,  secondary  capacitance  up  to 
.015  juf ,  inductance  up  to  1500  juh  and  second- 
ary resistance  from  residual  to  3  ohms.  The 
blower  for  the  air  blast  is  mounted  internally 
within  the  unit.  With  such  a  unit,  currents 
as  high  as  30  rf  amperes  can  be  obtained. 
Also,  by  reducing  the  spacing  of  the  gaps, 
as  many  as  15  to  25  breakdowns/half  cycle 
can  be  obtained.  This  has  the  effect  of 
spreading  the  discharge  over  a  wider  surface 
of  the  specimen,  an  advantage  in  some  cases 
of  segregation. 

National  Spectrographic  Laboratories  and 
Baird-Atomic  produce  closely  comparable 
spark  circuits. 


Electronically  Ignited  Sparks.  For  many 
years  it  has  been  recognized  that  electronic 
ignition  should  insure  uniformity  of  break- 
down of  the  analytical  gap.  However,  the 
ability  to  handle  such  high  voltages  and 
instantaneous  high  currents  is  beyond  the 
capacity  of  inexpensive  tubes.  Accordingly, 
circuits  such  as  those  developed  by  Malpica 
and  Berry10  suffered  from  lack  of  power.  It 
remained  for  Bardocz11  to  solve  the  problem 
by  the  circuit  shown  in  Fig.  5e,  which  utilizes 
twin  auxiliary  spark  gaps,  Gi ,  (?2 .  In  this 
arrangement  the  thyratron  tube,  V* ,  is  used 
only  for  ignition  and  does  not  itself  carry 
any  of  the  power  discharge. 

The  power  capacitor,  C,  is  charged 
through  the  rectifier  tube,  Vi .  The  ignition 
process  is  started  by  applying  a  positive 
voltage  to  the  grid  of  thyratron  V 2 ,  so  that 
the  tube  fires,  applying  the  full  voltage  of  C 
across  (?i .  Gi  breaks  down,  applying  the 
voltage  of  C  across  R*  and  J5* .  R*  is  larger 
than  Rt,  so  that  the  analytical  gap,  A, 
breaks  down.  Now  essentially  the  full  volt- 
age of  C  is  applied  across  R* ,  which  breaks 
down  (?2 .  C  now  discharges  through  the 
circuit  formed  by  the  three  gaps,  so  that  F2 
does  not  have  to  carry  the  power. 

With  this  form  of  circuit,  Bardocz  has 
been  able  to  initiate  the  analytical  gap  break- 
down reproducibly  to  within  a  microsecond. 
By  arranging  to  have  the  triggering  pulse 
arise  from  an  auxiliary  lamp  and  syn- 
chronous rotating  mirror  (Fig.  5e)  Bardocz 
has  been  able  to  sweep  the  light  across  the 
slit  of  the  spectrograph  vertically  so  that  the 
top  of  the  slit  is  illuminated  only  by  the 
first  microsecond  of  each  breakdown.  The 
rotating  mirror  then  records  a  time  scale 
down  along  the  slit.  Fig.  4  was  photographed 
in  this  way.  By  mounting  a  rotating  sector 
in  front  of  the  slit  and  arranging  to  have  it 
initiate  the  triggering  pulse  five  to  ten  micro- 
seconds before  the  slit  is  exposed,  it  is  pos- 
sible to  obtain  spectra  free  from  the  air  lines 
and  continuous  background  emitted  in  the 
first  phase  of  the  oscillatory  discharge. 
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The  Bardocz  circuit  is  utilized  by  Metrim- 
pex  of  Hungary  and  by  Jarrell-Ash  Company 
in  their  electronically  controlled  spark  source 
units.  According  to  the  evidence  available 
to  the  author  to  date,  the  superior  precision 
of  ignition  does  not  improve  the  analytical 
accuracy  over  that  of  carefully  adjusted 
Feussner-  or  Michigan-type  sparks. 

High  Voltage  AC  Arc.  Duffendack  and 
Thomson,12  in  1936,  applied  a  high  voltage 
AC  arc  to  the  analysis  of  caustic  liquors. 
They  obtained  even  better  sensitivities  than 
in  a  DC  arc,  with  considerably  better  repro- 
ducibility.  The  same  source  has  since  been 
applied  to  the  analysis  of  other  solutions  or 
powders,  which  are  dried  or  applied  to  the 
flat  ends  of  both  graphite  electrodes.  The 
high  voltage  AC  arc  has  been  used  also  to 
detect  trace  elements  in  metals,  below  the 
limit  of  detection  of  the  spark,  with  greater 
precision  than  a  DC  arc. 

The  circuit  is  shown  in  Fig.  6.  The  trans- 
former has  a  split  secondary  winding,  so 
that  the  two  halves  can  be  put  in  series  to 
give  approximately  5000  volts,  or  in  parallel 
for  greater  current,  up  to  5  amperes,  at  ap- 
proximately 2500  volts.  The  current  control 
is  usually  by  means  of  a  variable  reactance. 

With  alkali  salts  as  sample,  the  AC  arc  is 
usually  self-sustaining  for  a  gap  of  %  to  1 
mm,  even  at  2500  volts.  The  5000  volt  dis- 
charge is  self-sustaining  for  metal  samples. 
In  either  case,  the  gap  breaks  down  as  the 
voltage  approaches  its  peak  in  each  half 
cycle.  The  voltage  then  drops  rapidly  to 
25-80  volts  and  an  arc-like  discharge  occurs 
until  the  voltage  starts  to  reverse,  when  the 
arc  is  terminated,  to  be  re-ignited  on  the 
next  half  cycle. 
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FIG.  6.  High  voltage  AC  arc  circuit  diagram. 


The  radiation  comes  mainly  from  the  arc- 
like  phase  of  the  cycle  so  that  the  spectrum 
has  low  background.  The  re-ignition  each  half 
cycle  at  a  new  and  randomly  selected  part  of 
the  specimen  provides  better  sampling  than 
a  DC  arc.  The  high  reactance  provides  a 
relatively  stable  discharge,  Accordingly,  the 
source  has  excellent  sensitivity  and  fair  re- 
producibility.  Unfortunately  the  high-volt- 
age AC  arc  is  dangerous  enough  to  cause 
fatalities. 

Interrupted  Arcs.  Several  different  ig- 
nited arc  circuits  have  been  developed  in  the 
hope  that  it  would  be  possible  to  attain  the 
reproducibility  of  the  high-voltage  spark 
without  sacrificing  the  sensivitity  of  the  DC 
arc.  The  aim  is  to  ensure  that  the  discharge 
initiates  at  random  spots  over  the  sample 
surface  as  contrasted  to  the  DC  arc,  where 
the  cathode  spot  migrates  erratically  around 
the  surface  as  determined  by  convection 
currents  and  oxidation  of  the  material.  With 
random  ignition,  the  effects  of  fractional 
distillation  and  irregular  sampling  should  be 
reduced.  If  a  large  amount  of  material  can 
still  be  vaporized  and  excited,  and  if  the 
radiation  of  continuous  background  and 
gaseous  lines  can  be  minimized,  a  superior 
source  should  be  achieved.  Unfortunately, 
except  in  rare  instances,  ignited  arcs  of  all 
forms  seem  to  give  reproducibility  slightly 
inferior  to  a  high-voltage  spark  and  sensi- 
tivity not  quite  as  good  as  the  DC  arc. 
However,  such  results  may  be  more  appro- 
priate to  a  particular  analysis. 

Mechanically  Interrupted  Arcs.  A  DC  arc 
may  be  interrupted  by  drawing  the  elec- 
trodes apart  rapidly,  or  by  opening  the  cir- 
cuit through  a  relay,  and  it  can  be  re-ignited 
by  touching  the  electrodes.  Such  arrange- 
ments are  achieved  by  a  specially  con- 
structed arc  stand,  rather  than  by  any 
special  circuitry. 

The  Pfeikticker  Arc.  Pfeilsticker18  used  a 
high-frequency  Tesla  discharge  to  break 
down  the  analytical  gap,  and  a  brush  con- 
tacting metallic  segments  in  an  insulating 


166 


EXCITATION  UNITS 


rotating  disc  to  interrupt  the  arc.  Pfeil- 
sticker's  original  circuit  is  shown  in  Fig.  7. 
The  transformer  Tr(J)  charges  the  con- 
denser, Ci ,  until  the  gap,  F,  breaks  down. 
Through  the  Tesla  transformer,  T,  a  high- 
frequency  current  is  induced  in  the  mftin 
circuit.  The  voltage  across  C* ,  .0004  /if,  rises 
very  rapidly,  to  break  down  the  analytical 
gap,  B.  The  rotating  disc,  U,  terminates  the 
discharge  after  5  to  50  milliseconds.  Z/i ,  L2 , 
and  (?2  act  as  a  filter  circuit  to  block  the  high 
frequency  from  the  mains.  The  current  is 
controlled  by  the  variable  resistor,  TP,  and 
is  read  on  the  ammeter,  A. 

Later  Pf eilsticker14  improved  the  circuit  by 
increasing  C2  to  50-100  id.  Then  the  inter- 
rupter can  be  emitted  because,  as  soon  as  Cz 
discharges,  it  short-circuits  the  gap,  thereby 
terminating  the  discharge. 

The  ARL  Multisource.  Hasler  and  Die- 
tert15  developed  a  circuit  (Fig.  8)  in  which  a 


iKj) 

S       N  LI  UL^T 

•—  —  QiQ   |   ^(yo^yo•^^-^Bjro^-| 

* 


W    A       U  L2 

FIG.  7.  Pfeilsticker  ignited  AC  arc. 


variable  capacitor  is  charged  through  a 
rectifier  during  one  half  cycle  and  then  is 
discharged  through  the  analytical  gap  during 
the  next  half  cycle.  The  discharge  through 
the  gap  is  initiated  by  a  low  power  high 
voltage  spark,  controlled  by  a  rotating 
synchronous  gap.  The  main  power  circuit 
consists  of  the  half  wave  rectifier,  surge 
suppressor,  capacitor  bank  variable  from  2  to 
62  /if,  inductance  up  to  360  /*h,  resistance 
from  residual  to  200  ohms,  the  analytical 
gap,  and  the  monitoring  oscilloscope.  The 
triggering  circuit  includes  a  half  wave  rec- 
tifier, capacitor,  rotating  synchronous  gap 
with  ultraviolet  irradiation,  and  the  analyt- 
ical gap.  The  transformer  of  the  power  cir- 
cuit develops  850  volts,  while  the  trans- 
former of  the  spark  circuit  is  adjustable  up 
to  20,000  volts. 

With  full  capacitance  and  inductance  the 
frequency  approaches  1000  cycles/second 
and  the  individual  oscillations  last  for 
several  milliseconds — an  arc-like  condition. 
Residual  inductance  and  reduced  capaci- 
tance produce  a  higher  frequency,  with 
shorter  duration  oscillations,  more  like  a 
high  voltage  spark.  Adding  resistance  in- 
creases the  damping  to  the  point  where  only 
a  single  oscillation  occurs. 

The  Multisource  has  been  applied  to  a 
wide  variety  of  analytical  work,  and  in 


FIG.  8.  Multiaource  ignited  arc  source  unit. 
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FIG.  9.  Spark-ignited  AC  arc  circuit. 

general  has  approximately  the  sensitivity  of 
the  DC  arc  with  a  precision  approaching  that 
of  the  spark. 

Spark  Ignited  AC  Arcs.  A  low  voltage  AC 
supply,  at  230  to  600  volts,  can  be  made  to 
support  a  discharge  by  re-igniting  the  arc  at 
each  half  cycle  by  means  of  a  high  voltage 
spark  or  Tesla  coil.  A  typical  circuit  is  shown 
in  Fig.  9.  The  triggering  spark  is  initiated  by 
a  rotating  interrupter  (Applied  Research 
Laboratories),  auxiliary  air  gap  (National 
Spectrographic  Laboratories,  Jarrell-Ash 
Company),  point  discharge  gap  (Hilger  & 
Watts),  or  electronic  pulse  (Bardocz- 
Metrimpex). 

The  low  voltage  supply  can  be  half-wave 
or  full-wave  rectified,  to  produce  a  uni- 
directional discharge  (uni-arc). 

The  power  of  the  spark  is  usually  kept  low, 
so  that  the  major  radiation  comes  from  the 
arc  discharge,  when  high  sensitivity  is  de- 
sired. However,  by  increasing  the  relative 
power  of  the  spark,  it  is  possible  to  obtain 
greater  precision  with  slightly  reduced  sensi- 
tivity. The  ignited  arcs  yield  analytically  the 
same  results  aa  the  high-voltage  AC  arc, 
and  have  largely  replaced  the  latter,  since 
they  are  less  dangerous  and  they  are  inex- 
pensive to  add  to  a  high  voltage  spark 
source. 

High  Resolution  Sources.  For  most 
spectrographic  problems  the  instrumental 
and  source  resolution  obtained  is  entirely 
adequate.  However,  two  highly  important 
areas  of  investigation  have  been  limited  by 
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the  lack  of  resolution  in  the  source.  These 
are  wavelength  standards  and  isotopic 
analysis. 

Line  broadening  is  produced  by  Doppler 
effects,  pressure  interactions,  and  the  Stark 
effect.  Doppler  broadening  is  the  principal 
cause  of  lack  of  resolution  and  it  is  most 
likely  to  occur  in  arc  sources.  Unfortunately, 
the  high  sensitivity  and  ability  of  the  arc 
source  to  excite  refractory  and  electrically 
non-conductive  materials  make  it  most  likely 
to  be  used  for  isotopic  work  or  exciting  wave- 
length standards. 

Two  sources  have  been  developed  to  over- 
come the  Doppler  broadening  effect.  They 
are  the  hollow  cathode  and  the  radiofre- 
quency  excited  sample. 

HoUow  Caihode.  In  1926,  Shuler16  described 
a  cooled  hollow  cathode  source  which  gave 
extremely  narrow  lines,  but  it  was  not  until 
the  development  of  the  AEC  program  for 
isotopic  analysis  and  the  production  of  iso- 
topes that  emphasis  was  given  to  the  use  of 
this  source  in  isotopic  investigations.  The 
hollow  cathode  has  a  number  of  advantages 
in  this  application,  however.  It  has  high 
sensitivity,  re-uses  the  sample,  and  entirely 
encloses  radioactive  and/or  toxic  materials. 
McNally  and  his  co-workers17  at  Oak 
Ridge  have  reported  on  the  use  of  the  hollow 
cathode  source  for  the  analysis  of  the  iso- 
topes of  lithium.  The  Li  6707  A  line  investi- 
gated for  the  Li6-Li7  isotopic  shift  shows 
extreme  Doppler  broadening.  It  was  impos- 
sible to  overcome  this  by  the  instrumental 
resolution  of  the  spectrograph  and,  there- 
fore, the  hollow  cathode  excitation  provided 
a  convenient  answer  to  the  problem. 

Radiofreguency  Source.  In  the  search  for 
better  primary  wavelength  standards,  Meg- 
gers used  the  electrodeless  discharge  tube 
excited  by  a  diathermy  unit.  By  pile  irradia- 
tion of  Aum,  Hg198  can  be  produced.  This 
material  is  extremely  valuable  as  a  source 
for  a  primary  wavelength  standard  and, 
therefore,  a  small  amount  of  it  is  sealed  in  a 
low  pressure  discharge  tube  and  excited 
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with  a  100  megacycle  RF  unit.  Meggers  and 
Kessler18  of  the  National  Bureau  of  Stand- 
ards have  reported  on  this  application. 
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FLUORIDE  EVOLUTION  METHOD 

Fluoride  compounds  have  been  used  in 
spectroscopy  both  as  stable  compounds  and 


unstable  compounds.  The  former  class  is 
represented  by  the  fluorides  of  barium, 
strontium,  and  lanthanum,  and  the  latter  by 
the  fluorides  of  copper  and  uranium. 

The  stable  fluorides  have  been  used  both 
as  matrix  compounds  and  as  additives  with 
graphite  to  promote  smoother  burning  of 
refractory  oxides  such  as  zirconium  oxide 
and  tantalum  oxide.  The  exact  electrode  re- 
actions have  not  yet  been  established,  but  it 
is  theorized  that  there  may  be  formation  of 
fluorides  after  reduction  of  the  oxide  by  the 
graphite.  The  stable  fluorides  volatilize 
smoothly  and  with  a  minimum  tendency  for 
eruptive  gas  emission. 

The  unstable  fluorides  have  been  used 
essentially  as  specific  reagents  for  the  deter- 
mination of  boron  and  silicon  in  oxides  of  a 
variety  of  materials.  While  the  reaction  of 
uranium  fluoride  is  the  same  as  that  of 
copper  fluoride,  the  copper  fluoride  is  more 
practical  from  the  standpoint  of  availability 
and  simple  spectrum.  Copper  fluoride  is 
either  loaded  into  the  bottom  of  the  electrode 
crater  to  be  followed  by  the  sample  or  mixed 
with  the  sample  prior  to  loading  the  crater. 
Upon  heating,  the  copper  fluoride  decom- 
poses to  free  fluorine  which  sweeps  the  boron 
and  silicon  into  the  arc  column  where  they 
can  be  excited  essentially  free  of  matrix.  This 
separation  permits  determination  of  boron 
and  silicon  with  a  "miTnTmrm  interference 
from  other  elements.  In  practice  the  pro- 
cedure has  been  found  to  be  useful  with  a 
wide  range  of  arc  currents,  electrode  types, 
and  sample  sizes.  The  most  precise  work  has 
been  obtained  using  a  boiler  cap  to  reduce 
arc  wandering  and  matrix  excitation  to  a 
TTfijniTniim.  The  copper  fluoride  evolution 
technique  for  boron  and  silicon  has  been 
applied  to  steels,  refractory  oxides,  graphite, 
bismuth,  nickel,  and  other  materials.  By 
varying  the  sample  size  and  arc  current 
determinations  of  boron  have  been  made 
over  a  concentration  range  of  0.1  ppm  to 
3,000  ppm. 

J.  E.  PATERSON 
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GASES  IN  METALS 

Several  techniques  for  the  spectrographic 
determination  of  the  gaseous  elements  have 
been  suggested.  The  most  successful  tech- 
nique is  based  on  extracting  the  gaseous  ele- 
ments with  a  d-c  carbon  arc  discharge  and 
then  exciting  the  emission  spectra  of  the  ex- 
tracted gases  with  the  same  discharge.  The 
basic  steps  involved  are  shown  in  highly 
schematic  form  in  Figure  1.  The  metal  sam- 
ples, in  which  the  gaseous  element  impurities 
are  represented  as  dissolved  oxides,  nitrides, 
and  hydrides,  are  supported  in  specially  de- 
signed carbon  electrodes.  These  electrodes 
form  the  anode  of  d-c  arc  discharges  in  argon 
at  atmospheric  pressure.  If  electrodes  of  this 
type  are  designed  properly,  the  arc  discharge 
quickly  melts  the  metal  specimen.  The 
molten  sample  then  dissolves  the  retaining 
wall  of  the  electrode  and  forms  a  globule 
supported  on  the  floor  of  the  electrode.  The 
dissolved  carbon  comes  into  intimate  contact 
with  the  dissolved  oxides,  nitrides,  and  hy- 
drides, causing  chemical  reduction  reactions 
as  shown  in  Equation  1.  Simultaneously,  a 
saturated  solution  of  carbon  in  the  metal  is 
formed,  which  reduces  the  volatility  of  the 
metal. 

The  rate  and  degree  of  evolution  of  the 
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FIG.  1.  Processes  involved  in  the  spectro- 
graphic determination  of  oxygen,  nitrogen,  and 
hydrogen  in  metals. 
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oxygen,  nitrogen,  and  hydrogen  contents  are 
critically  dependent  on  the  environmental 
conditions  in  the  graphite  supporting  elec- 
trode. For  reproducible  quantitative  evolu- 
tion, the  electrode  wall  should  be  completely 
dissolved,  so  that  the  arc  rests  directly  on 
the  globule.  The  temperature  of  the  anode 
spot  is  then  equal  to  the  boiling  point  of  the 
globule  material  (^3500°C),  whereas  the 
temperature  in  the  remainder  of  the  globule 
undergoes  a  precipitous  gradient  to  about 
1500°C  at  the  electrode-melt  interface.  The 
high  localized  temperature  and  efficient  con- 
vection stirring  induced  by  the  high  temper- 
ature gradient  both  contribute  to  fast  reac- 
tion rates  and  rapid  gas  evolution. 

Since  the;  gas  evolution  reactions  proceed 
somewhat  erratically,  it  is  desirable  to  allow 
them  to  reach  completion  before  starting  the 
spectroscopic  exposures.  The  evolved  gases 
are  then  determined  as  impurities  in  the 
supporting  argon  atmosphere. 

As  shown  in  Figure  1,  a  d-c  carbon  arc 
discharge  in  argon  dissociates  the  molecular 
impurities  and  excites  the  atomic  emission 
spectra  as  the  molecules  undergo  natural 
diffusion  through  the  arc  column.  The  lower 
part  of  the  figure  shows  how  the  intensity 
ratios  of  selected  oxygen,  nitrogen,  hydrogen, 
and  argon  line  pairs  are  related  to  the  im- 
purity concentration  in  the  sample.  The 
selected  argon  lines  serve  as  almost  ideal 
internal  standards  under  these  excitation 
conditions,  especially  for  the  determination 
of  oxygen  and  nitrogen. 

The  main  experimental  difficulty  associ- 
ated with  this  technique  is  the  contamina- 
tion of  the  purified  argon  atmosphere  with 
oxygen,  nitrogen,  hydrogen  or  their  com- 
pounds liberated  from  the  walls  of  the  ex- 
citation chamber  or  from  the  supporting 
electrodes  during  the  excitation  cycle.  This 
source  of  error  can  be  reduced  to  tolerable 
proportions  by  careful  design  of  the  excita- 
tion chamber  and  thorough  out-gassing  of 
the  electrodes  and  chamber.  If  argon  gas  of 
sufficient  purity  is  not  available,  the  oxygen 
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and  nitrogen  content  may  be  reduced  to 
acceptable  limits  by  employing  a  purification 
system.1 

The  excitation  chamber  consists  of  two 
water-cooled  stainless  steel  plates  separated 
by  a  glass  cylinder  (Figure  2).  Neoprene  or 
rubber  0  rings  resting  in  grooves  are  used 
to  obtain  airtight  seals.  Four  C  clamps 
placed  symmetrically  around  the  chamber 
apply  pressure  to  the  plates  to  assure  air- 
tightness.  Each  excitation  is  performed  in  a 
static  atmosphere  of  purified  argon  at  at- 
mospheric pressure.  A  stainless  steel  rotating 
platform  with  iron  (magnetic)  inserts  ac- 
commodates 12  sample  electrodes  and  one 
auxiliary  outgassing  electrode.  The  platform 
can  be  rotated  from  outside  the  chamber  by  a 
permanent  magnet.  The  counter  electrode  is 
stationary  and  can  be  used  for  20  or  30  ex- 
posures without  replacement. 

Prior  to  use,  each  of  the  12  electrodes  is 
outgassed  by  arcing  at  35  amperes  under  a 
reduced  argon  pressure  for  5  seconds,  and 
then  the  chamber  is  evacuated  while  the  arc 
is  continued  for  another  10  seconds.  After 
loading  the  sample  electrodes,  the  inside 
surfaces  of  the  chamber  and  the  electrode 
surfaces  are  outgassed  by  operating  a  30 
ampere  arc  discharge  to  the  auxiliary  cylin- 
drical electrode  for  3  minutes  with  water- 
cooling  of  the  0  ring  cavities  only.  Two  out- 
gassing  arcings  are  made,  with  intervening 
evacuation  and  replenishment  with  pure 
argon.  When  the  samples  are  excited,  the 
water-cooling  cavities  are  flushed  with  cold 
water.  After  the  excitation  cycle  for  each 
sample  is  completed,  the  chamber  is  evacu- 
ated, a  new  charge  of  argon  is  admitted 
while  a  new  sample  is  rotated  into  position. 

The  exact  dimensions  of  the  electrode  used 
for  the  simultaneous  determination  of  oxy- 
gen and  nitrogen  in  low  and  high  alloy 
steels  are  shown  in  Figure  3.  The  arcing 
cycle  consists  of  a  2-minute  pre-arc  at  25 
amperes  during  which  the  gases  are  evolved, 
followed  by  a  2-minute  exposure.  Because 
some  high  alloy  steels  contain  rather  high 
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FIG.  2.  Schematic  diagram  of  excitation  chamber. 


0.80 


7.9 


DIMENSIONS   ARE  IN   MILLIMETERS 
FIG.  3.  Electrode  dimensions  for  the  determi- 
nation of  oxygen  and  nitrogen  in  steels. 

: 

percentages  of  relatively  volatile  manganese, 
it  is  desirable  to  conduct  the  spectrographic 
exposure  by  arcing  to  the  auxiliary  electrode. 
The  auxiliary  electrode  is  rotated  into  posi- 
tion after  the  gas  extraction  phase  is  com- 
pleted. The  analytical  curves  established  for 
the  determination  of  oxygen  and  nitrogen  in 
low  and  high  alloy  steels  cover  the  range 
0.002  to  0.2  weight  per  cent  for  oxygen  and 
0.01  to  0.5  weight  per  cent  nitrogen.  No 
matrix  effects  have  been  observed  for  the 
rather  wide  range  of  alloy  compositions 
studied.  Preliminary  experiments  indicate 
that  the  oxygen  content  of  vanadium,  nickel, 
and  copper  metals  can  be  determined  in  this 
manner.  The  rate  and  degree  of  evolution  of 

171 


EMISSION  SPECTROSCOPY— LIGHT 


the  oxygen  content  of  these  metals  are  crit- 
ically dependent  upon  electrode  geometry. 

The  simple  expedient  of  arcing  metal  spec- 
imens of  zirconium,  titanium,  thorium,  etc., 
in  graphite  electrodes  does  not  cause  repro- 
ducible evolution  of  the  oxygen  content.  This 
problem  has  been  solved  by  employing  an 
electrode  assembly  which  provides  a  molten 
platinum  bath  after  the  arc  is  initiated.  In 
essence,  the  platinum  bath  provides  a  reac- 
tion medium  in  which  the  gas  evolution  re- 


SAMPLE 

PLATINUM 


4.8 


DIMENSIONS     IN      MILLIMETERS 

FIG.  4.  Electrode  assembly  for  the  determina- 
tion of  oxygen  in  titanium  and  other  refractory 
metals. 


5.0 


.1.0 
Q5 

Q2 


.  I  ,1,1.1.1.1.1.1       .     I    .  I.  1. 1. 1. 


.02          .05        .10  .50 

OXYGEN     CONCENTRATION  (%) 

FIG.  5.  Analytical  curve  for  the  determination 
of  oxygen  in  titanium  and  titanium  alloys.  Con- 
centrations are  expressed  in  weight  per  cent. 

172 


actions  proceed  rapidly  and  reproducibly. 
For  most  metal  systems  it  is  necessary  to 
assure  complete  alloy  formation  between  the 
sample  and  platinum  before  any  of  the  metal 
sample  reacts  with  the  graphite  electrode. 
The  electrode  assembly  designed  especially 
for  this  purpose  is  shown  in  Figure  4.  The 
metal  specimen  weighing  100  mg  is  pressed 
into  a  platinum  wafer  weighing  500  mg.  Care 
must  be  taken  that  the  platinum  wafer  pro- 
vides a  physical  barrier  between  the  metal 
specimens  and  the  graphite  supporting  elec- 
trodes. These  electrode  assemblies  are  arced 
at  15  amperes  for  10  seconds.  During  this 
period  a  violent  alloying  reaction  occurs,  pro- 
ducing a;  bright  flash.  After  15  seconds,  the 
arcing  current  is  increased  to  30  amperes  to 
assure  maYi-miim  bath  temperature  and  tem- 
perature gradient.  The  evolution  of  the  oxy- 
gen content  is  virtually  complete  in  about 
30  seconds,  after  which  time  the  oxygen/ 
argon  intensity  ratio  stabilizes.  Spectro- 
graphic  exposures  are  made  during  the  30 
to  60  second  period. 

The  analytical  curve  for  the  determination 
of  oxygen  in  titanium  and  titanium  alloys  is 
shown  in  Figure  5.  This  curve  has  been  used 
directly  for  the  determination  of  oxygen  in 
zirconium  metal.  Similar  curves  have  been 
obtained  for  the  determination  of  oxygen  in 
niobium  and  yttrium  metals. 

Studies  on  the  determination  of  hydrogen 
have  revealed  that  the  hydrogen  line  at 
6563  A  is  readily  detectable  when  200  mg 
specimens  of  titanium  containing  hydrogen 
are  arced  in  graphite  electrodes  at  30  am- 
peres. The  behavior  of  the  hydrogen/argon 
intensity  ratios  during  the  arcing  cycle  indi- 
cates that  the  hydrogen  is  evolved  rapidly — 
during  the  first  10  seconds — and  then  ap- 
pears to  be  removed  from  the  system  as  the 
arcing  proceeds,  probably  through  chemi- 
sorption.  A  marked  enhancement  of  the  hy- 
drogen line  intensity  occurs  as  the  arcing 
cycle  is  conducted  at  lower  pressures.  Al- 
though TYifl.YiTmim  hydrogen  line  intensities 
are  observed  at  pressures  less  than  100  mm 
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of  Hg,  it  is  desirable  to  compromise  the  ad- 
vantages of  maximum  hydrogen  line  in- 
tensities with  the  disadvantages  of  increased 
metal  volatilization  at  these  low  pressures. 
For  quantitative  determinations,  an  argon 
pressure  of  125  mm  of  mercury,  an  arcing 
current  of  30  amperes,  and  exposures  during 
the  10  to  40  second  period  are  used. 
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The  ruling  of  a  high-quality,  large  diffrac- 
tion grating  requires  a  mechanical  precision 
equaled  in  few  other  fields  of  human  en- 
deavor. The  aim  for  a  grating  of  30,000 
grooves/inch  is  to  rule  the  last  groove  of  a 
6"  or  8"  grating  with  a  tolerance  of 
db. 0000003"  with  respect  to  the  first  groove. 
Furthermore,  the  individual  grooves  should 
be  held  within  the  range  7000-8000  microns 
wide,  and  each  should  be  tilted  at  a  definite 
"blaze"  angle,  with  respect  to  the  original 
surface,  usually  in  the  range  3°  to  15°,  to 
within  a  few  tenths  of  a  degree.  All  grooves 
should  be  accurately  parallel.  The  depth  of 
the  rulings  should  be  the  same,  and  should 
be  free  particularly  from  "chatter"  of  the 
ruling  diamond.  Figure  1  shows  a  magnified 
view  of  what  a  grating  should  be,  with  toler- 
ances indicated.  It  is  easy  to  see  why  a  per- 
fect grating  has  never  been  produced,  and 
why  there  are  so  few  successful  ruling  en- 
gines. 

The  art  of  ruling  high-quality  gratings  was 
first  developed  by  H.  A.  Rowland,1  and  all 
successful  engines  still  employ  his  basic 
principles;  most  of  them  derive  from  the 
ruling  operations  which  he  initiated  at  Johns 
Hopkins  University  in  1882,  as  shown  in  the 
family  tree  for  ruling  engines  in  Figure  2. 
Successful  ruling  ventures  usually  involve  a 


FIG.  1.  Enlarged  cross  section  of  a  grating  of 
15,000  grooves/inch. 

scientist  as  leader  and  a  highly  skilled,  pains- 
taking and  patient  machinist  as  operator. 
This  article  describes  three  different  forms  of 
ruling  engine,  but  it  should  be  emphasized 
that  the  output  of  a  successful  ruling  engine 
will  depend  fully  as  much  on  the  skill  of  the 
operator  in  diagnosing  and  correcting  its 
continual  minor,  and  occasional  major, 
maladies,  as  on  the  original  soundness  of 
design  and  care  in  construction.  Grating 
ruling  is  still  very  much  an  art.  The  three 
successful  basic  designs  known  to  the  author 
are  the  original  Rowland  construction, 
sketched  in  Figure  3a,  the  Strong2  arrange- 
ment (Fig.  3b),  and  the  interferometrically 
controlled  engine  of  Harrison.8 

The  Rowland  Design.  In  the  Rowland 
design,  the  grating  blank  sits  on  a  table 
which  is  moved  on  straight  ways  by  a  pre- 
cision screw  and  nut,  typically  thirty  threads 
to  the  inch.  On  one  end  of  the  screw  is 
mounted  an  accurately  cut  dividing  head, 
with  say  1000  teeth.  If  a  pawl  or  other 
indexing  mechanism  moves  the  dividing 
head  one  tooth,  the  grating  table  will  ad- 
vance 1/30,000",  provided  that  the  screw 
itself  is  constrained  from  moving  and  the 
nut  is  prevented  from  rotating.  The  screw  is 
supported  at  each  end  in  bearings  and  is 
maintained  precisely  in  position  either  by  a 
hardened  steel  ball  contacting  a  diamond 
mounted  on  the  end  of  the  screw  opposite  the 
dividing  head,  or  by  a  "zero  pitch  thread," 
i.e.,  annular  grooves  cut  in  the  screw  ends 
and  in  the  bearings.  The  nut  is  kept  from 
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FIG.  2.  A  family  tree  of  the  grating  ruling  art. 


(a) 


(b) 


FIG.  3.  Two  basic  designs  of  mechanical  ruling 
.engine,  (a)  Rowland;  (b)  Strong.  (Courtesy  Journal 
of  The  Optical  Society  of  America) 
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rotating  by  a  "tail"  riding  against  a  "liner 
bar"  set  parallel  to  the  grating  ways. 

The  ruling  diamond  is  mounted  on  a 
carriage  moved  by  a  reciprocating  drive  on 
ways  at  right  angles  to  the  main  ways.  As 
the  grating  is  being  advanced,  the  diamond 
is  raised  from  the  surface.  Then  as  the  in- 
dexing mechanism  is  returning  for  the  next 
stroke,  the  diamond  is  lowered  and  rules  a 
groove. 

The  Strong  Design.  In  Strong's  design 
(Fig.  3b)  the  grating  spacing  is  derived  by 
advancing  the  ruling  diamond,  which  is 
mounted  on  a  carriage  moved  by  one  right- 
handed  and  one  left-handed  screw.  The  two 
screws  are  simultaneously  indexed.  The 
ruling  is  produced  by  a  reciprocating  motion 
of  the  table  which  bears  the  grating  blank. 
Fundamentally,  compared  to  machine  tools, 
the  Rowland  design  corresponds  to  a  shaper, 
while  the  Strong  engine  is  similar  to  a 
planer. 

In  the  Strong  arrangement  all  grooves 
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must  be  parallel  to  one  another  unless  the 
grating  ways  wear  significantly  during  a 
ruling,  whereas  in  the  Rowland  design 
parallelism  of  the  grooves  depends  on  the 
straightness  of  the  grating  ways.  This  is  an 
important  advantage,  because  "fanning"  of 
the  grooves  destroys  resolution. 

Spacing  Errors.  These  two  mechanical 
engines  are  susceptible  to  the  same  errors  in 
spacing,  of  which  the  most  significant  are: 

(1)  A  sudden  break  in  the  spacing,  so 
that  one  area  of  the  ruling  is  out  of  phase 
with  the  rest.  Several  such  errors  result  in  a 
multiplicity  of  spectral  lines.  The  trouble  is 
normally  traced  to  a  slippage  of  some  critical 
part  of  the  ruling  engine. 

(2)  Erratic   spacing  of  individual  lines 
about  an  average  spacing  that  is  well  main- 
tained. Such  random  errors  result  in  "grass" 
around  the  spectral  lines;  a  heavily  exposed 
line  will  show  a  host  of  close  weak  satellites 
spreading  out  on  both  sides.  The  problem 
lies  in  some  part  of  the  engine  which  has  a 
slight  amount  of  play.  Frequently  the  pivot 
bearings  which  permit  the  diamond  to  be 
raised  and  lowered  may  have  such  lateral 
play. 

(3)  A  long-term  variation  in  the  spacing  of 
the  grooves,  so  that  the  wavefront  from  the 
grating,  in  the  order  being  used,  shows  a 
"hill"  or  "valley"  departing  by  more  than 
one-quarter  wavelength  from  a  plane  wave 
front.  Such  variations  will  produce  satellites, 
the  intensity  of  which  depends  on  the  degree 
of  departure  from  a  plane  wavefront.  The 
cause  is  frequently  a  variation  in  tempera- 
ture greater  than  .01°C,  which  will  expand  or 
contract  the  screw;  or  it  may  be  faulty 
lubrication  of  the  screw  or  ways  or  inade- 
quate "pre-run." 

(4)  "Error  of  run,"  a  gradual  increase  or 
decrease  of  the  spacing  across  the  grating,  so 
that  the  emergent  wavefront  will  be  concave 
or  convex,  but  cylindrical  to  within  J£X. 
Such  an  effect  imparts  a  variable  focus  to  the 
grating,   so  that  the  focal  curve  is  not 
strictly  the  Rowland  circle  if  concave,  or,  if 


plane,  the  focus  changes  with  angular  rota- 
tion of  the  grating.  Improper  lubrication, 
wear  of  the  ways  or  screws  and  nut,  or  a 
gradual  drift  in  temperature  may  result  in 
such  variations.  (Grating  blanks  which  are 
not  truly  spherical  or  plane  may  introduce  a 
closely  similar  defect.) 

(5)  "Periodic  errors,"  a  variation  of  spac- 
ing repeated  (a)  with  each  complete  or 
integral  fractional  rotation  of  the  screw,  or 
(b)  at  regular  intervals  represented  by  a 
beat  frequency  between  two  repetitive  cycles 
in  the  engine.  Condition  (a)  produces  the 
familiar  "Rowland  ghosts";  condition  (b) 
results  in  "Lyman  ghosts"  (see  p.  256). 
Rowland  ghosts  may  result  from: 

(a)  Lack  of  concentricity  between  the 
bearings  of  the  screw  and  the  axis  of  the 
helix  represented  by  the  thread  after  final 
lapping.  This  produces  a  drunkenness  in  the 
revolution  of  the  screw,  which  in  turn  re- 
sults in  a  sinusoidal  variation  in  the  spacings. 

(b)  Failure  to  prevent  the  screw  from 
moving  slightly  forward  and  back  as  it  is 
rotated.  If  the  steel  ball  is  mounted  slightly 
off  center  and  the  thrust  diamond  is  not 
mounted  exactly  at  right  angles,  the  screw 
will  weave  in  and  out  as  it  is  rotated.  A  like 
effect  is  obtained  if  the  zero  pitch  threads 
depart  at  all  from  planarity.  Again,  a  sinu- 
soidal variation  in  spacing  results. 

(c)  Errors  in  the  dividing  head  or  ec- 
centricity in  its  mounting.  The  dividing  head 
is  most  frequently  the  source  of  the  higher- 
order  ghosts;  a  fourth-order  ghost,  spaced 
four  times  as  far  from  the  parent  line  as  the 
first  ghost,  may  result  from  a  variation  in  the 
spacing  of  teeth  on  the  dividing  head,  which 
is  repeated  four  times  in  one  revolution. 

An  examination  of  the  accuracies  which 
it  would  be  necessary  to  achieve  in  each  of 
these  errors,  at  several  levels  of  Rowland 
ghost  intensity,  is  given  in  Table  1.  From 
these  data  it  would  seem  that  it  should  be  a 
fairly  straightforward,  if  painstaking,  matter 
to  achieve  a  ghost  intensity  of  1/25,000.  In 
practice,  a  first-order  ghost  intensity  below 
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TABLE  1.  PRECISION  OF  PARTS  REQUIRED 

TO  PRODUCE  Low  ROWLAND  GHOSTS 

15,000  Grooves/Inch 


Ghosts  Below 

1/1000 

1/10,000 

1/23,000 

111 

Over-all  Periodic  Er- 

ror 

in  microns 

.0169 

.0054 

.0034 

in  ten   millionths 

6.7 

2.1 

1.35 

inch 

Spacing  Wheel  (500 

teeth,  T"  radius) 

Corresponding  Ac- 

26 

S.25 

5.2 

3 

curacy  of  Divid- 

ing, in  Seconds 

Corresponding  Ac- 

16.4 

5.2 

3.6 

1.0 

curacy  of  Cen- 

tration,   in   ten 

thousandths    of 

an  Inch 

Thrust  Bearing 

(Flatness  Assumed 

Ho  Fringe) 

Perpendicular- 

2 

2 

i 

1 

ity  in  Seconds 

of  Arc 

Corresponding 

1.7 

.5 

.34 

.1 

Centration,  ™TY\ 

Screw  and  Nut 

Periodic  Error 

Contributes        negligible 

Concentricity     of 
Bearings 

Pitch  Diameter 

Linkage,     Nut     to 
Table 


problems    for    a    well- 
lapped  screw, 
fringe  Eg  green  is  suf- 
ficient  and  is   achiev- 
able. 

May  produce  error  of  run, 
but  no  periodic  error. 

Produces  no  periodic  error. 


1/1000  for  a  grating  of  15,000  grooves/inch 
is  considered  satisfactory,  and  ghost  intensi- 
ties less  than  1/4000  are  exceptional.  Ac- 
tually, a  part  of  the  art  of  a  grating  ruling 
machine  operator  consists  in  his  ability  to 
determine  the  sources  of  periodic  error  and 
either  to  correct  them  or  to  offset  one  against 
the  others. 

Lyman  ghosts  were  introduced  in  one  of 
the  Johns  Hopkins  engines  inadvertently, 
when  the  driving  belt  for  the  whole  unit  had 
a  fastener  which  introduced  a  disturbance 
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approximately  every  five  grooves.  The  effect 
was  eliminated  by  substituting  a  continuous 
belt  and  by  introducing  a  form  of  shock- 
absorbing  spring  balance  wheel.  In  modern 
engines,  where  adequate  care  has  been  exer- 
cised to  avoid  a  possible  coincidence  of  re- 
petitive errors,  Lyman  ghosts  are  usually  at 
a  very  low  level,  below  1/50,000,  and  intro- 
duce no  serious  problems. 

Interferometrically  Controlled  En- 
gine. Since  1950,  G.  H.  Harrison  at  Massa- 
chusetts Institute  of  Technology  has  been 
perfecting  the  ruling  of  gratings  with  inter- 
ferometric  control.  Initial  attempts  to  utilize 
interferometer  fringes  as  a  means  of  arrest- 
ing the  grating  carriage  precisely  proved  dis- 
appointing when  applied  to  the  normal 
start-stop  system  of  ruling.  Far  better  results 
were  achieved  when  the  diamond  and  ruling 
carriage  were  continuously  moved,  and  the 
interferometer  fringes  were  employed  to 
maintain  a  regular  relationship  in  the  X,  Y 
coordinates.  The  system  employed  is  shown 
in  block  diagram  form  in  Figure  4 

A  DC  motor  is  operated  at  constant  speed 
by  a  flywheel  and  electronic  feedback , 
through  a  100:1  gear  reduction.  This  motor 
turns  a  shaft  which  drives  the  diamond 
carriage  through  a  linkage  mechanism  (desig- 
nated "rectifier"  in  the  figure)  which  con- 
verts the  normal  simple  harmonic  motion 
into  a  linear  motion  during  the  ruling  stroke. 
The  same  shaft  actuates  a  reference  signal 
generator  which  produces  a  sinusoidal  cur- 
rent, adjustable  in  phase  to  correct  for  at- 
mospheric pressure  changes.  The  shaft  also 
advances  the  grating  carriage,  through  a 
change  gear  system  which  controls  the  spac- 
ing, and  a  differential  and  worm  and  large 
worm  gear  mounted  on  the  screw.  A  Michel- 
son-type  interferometer,  with  reference- 
plates  secured  to  the  ruling  engine  frame,, 
and  with  the  traveling  plate  mounted  on  the 
grating  carriage,  produces  moving  fringes, 
which  generate  a  sinusoidal  current  from  a. 
photomultiplier  as  the  carriage  moves  uni- 
formly along.  The  amplitudes  of  the  refer- 
ence and  photomultiplier  signals  are  meas- 
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FIG.  4.  Block  diagram  of  Harrison  interferometrically  controlled  ruling  engine.  (Courtesy  Journal  of 
The  Optical  Society  of  America) 

ured  and  automatically  equalized.  The 
relative  phase  of  the  two  signals  then  actu- 
ates a  servo  motor  which  drives  the  differ- 
ential device,  to  either  advance  or  slow  the 
grating  carriage  to  maintain  synchronism 
between  diamond  and  grating  blank,  with  a 
precision  of  a  few  hundredths  of  a  fringe  of 
Hg5461A. 

Harrison  has  demonstrated  that  with 
interferometric  control  it  is  possible  to  re- 
duce Rowland  ghost  intensities  to  less  than 
1/20,000  (first  order,  15,000  grooves/inch) 
and  to  maintain  the  over-all  precision  of 
spacing  over  a  ruling  width  up  to  10". 
Several  large  gratings  ruled  on  the  Harrison 
engine  surpass  any  grating  previously  pro- 
duced, achieving  resolving  powers  approxi- 
mating one  million. 

Intensity  Distribution.  The  grooves  of 
a  grating  are  produced  by  a  diamond  point 
and  the  action  may  be  likened  to  that  of  a 
plow  cutting  a  furrow  in  the  ground,  in  the 
sense  that  material  is  not  cut  and  removed 
from  the  grating  blank,  but  rather  that  the 
surface  is  deformed.  The  objective,  however, 
is  to  produce  a  smooth  groove,  shaped  at  the 
desired  angle,  with  uniform  depth.  Two 
forms  of  diamond  are  usually  employed,  as 
shown  in  Figures  5a  and  5b.  Form  (a)  is 
better  suited  to  concave  gratings;  form  (b) 


(a)  (b) 

FIG.  5.  Two  forms  of  diamond  used  in  grating 
ruling,  (a)  Straight  edge;  (b)  "Cance"  shaped. 

is  more  rugged  but  the  groove  angle  is  more 
difficult  to  control. 

Gratings  for  many  years  were  ruled  in 
speculum  metal,  but  then  the  process  of 
evaporating  ali.mnim.iTn  on  chromium  on 
glass,  and  later  aluminum  directly  on  glass, 
was  developed  successfully.  The  aluminum 
surfaces  are  not  only  superior  for  reflectivity, 
but  are  adequately  adhesive  and  far  easier 
to  rule.  Silver  and  copper  have  also  been 
tried  for  infrared  gratings.  The  grating  blank 
is  normally  a  glass  with  low  temperature 
coefficient  of  expansion.  Occasionally  fused 
quartz  is  employed,  to  reduce  temperature 
effects  still  further. 

The  depth  of  the  ruling  is  determined  by 
the  hardness  of  the  surface  which  is  being 
ruled  and  by  the  weight  added  above  the 
diamond,  beyond  that  required  to  obtain  a 
balance.  To  reproduce  results  from  ruling  to 
ruling  it  is  necessary  to  maintain  the  same 
hardness  in  aluminized  or  other  reflecting 
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surfaces.  If  too  heavy  a  weight  is  employed, 
the  groove  produced  may  considerably  ex- 
ceed the  desired  spacing.  In  this  case,  each 
new  groove  will  seriously  deform  the  previ- 
ous groove,  completely  changing  the  groove 
angle  and  leaving  an  irregular  surface  which 
will  yield  an  unexpected  intensity  distribu- 
tion in  the  final  grating.  On  the  other  hand, 
too  light  a  ruling  will  produce  an  inefficient 
grating,  with  high  intensity  in  the  central 
image.  The  optimum  groove  seems  to  be 
about  85-95%  of  the  spacing.  This  yields  a 
minimum  of  deformation  of  the  desired 
groove  angle  by  the  succeeding  ruling,  yet 
utilizes  essentially  the  entire  surface. 

If  one  face  of  a  diamond  is  set  to  produce 
the  desired  low  order  blaze,  the  included 
angle  of  the  diamond  determines  approxi- 
mately the  blaze  on  the  other  side  of  the 
grating  normal.  Thus,  for  example  a  grating 
blazed  for  10°,  ruled  by  a  diamond  of  120° 
included  angle,  may  have  a  high  intensity 
on  the  other  side  at  50°.  However,  the  steep 
side  of  the  groove  is  most  distorted  by  the 


FIG.  6.  Replication  procedure.  (Courtesy  Perkins- 
Elmer  Corporation) 
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ruling  of  the  next  groove,  so  that  practice 
seldom  follows  theory  closely  in  this  respect. 

Replication  of  Gratings.  For  many 
years  replicas  of  gratings  have  been  pro- 
duced quite  simply  by  flowing  a  thin  coating 
of  collodion  over  the  grating  surface,  allow- 
ing it  to  harden,  and  then  stripping  the 
replica  off  the  surface.  The  process  has  been 
refined  further  by  floating  off  the  collodion 
by  immersing  the  coated  grating  in  water, 
and  then  bringing  a  replica  blank  up  under 
the  separated  collodion  film.  This  avoids 
severe  strains  and  distortions,  but  neverthe- 
less replicas  so  produced  do  not  begin  to 
compare  in  quality  with  the  grating  from 
which  they  were  taken.  They  are  suitable  for 
applications  where  a  high  aperture  ratio  is 
the  prime  requirement,  and  definition  and 
scattered  light  are  relatively  unimportant. 

A  process  introduced  by  Fraser  and  White4 
yields  far  superior  results.  Figure  6  diagrams 
the  process.  The  master  grating  is  placed  in  a 
vacuum  coating  vessel  and  a  thin  "parting 
layer"  of  a  greasy  substance  is  deposited  on 
it  (17  in  the  figure).  Then  a  layer  of  Al 
1500-2000  A  thick  is  evaporated  onto  it 
(18).  The  coated  master  is  removed  from  the 
vacuum  and  covered  with  a  thin  layer  of 
plastic  (19),  and  this  is  covered  by  the  replica 
blank  (20).  After  24  to  48  hours,  polymeriza- 
tion of  the  plastic  will  be  complete  and  the 
master  and  the  replica  may  be  separated  at 
the  parting  layer.  The  parting  layer  is  then 
washed  off.  If  the  process  has  been  ade- 
quately controlled,  spectra  from  the  replica 
and  master  will  be  indistinguishable. 

It  has  been  claimed  that  replicas  ob- 
tained by  this  process  are  actually  superior 
to  the  master.  The  author  is  unable  to  sub- 
scribe to  this  theory.  It  is  true,  however,  that 
a  current  replica  grating  is  quite  likely  to  be 
superior  to  the  average  original  ruling  of 
several  years  ago,  not  only  because  the  ruling 
art  has  improved,  but  also  because  the 
manufacturer  can  now  afford  to  select  as 
masters  only  superior  rulings,  rejecting 
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marginal  or  even  average  gratings  which 
formerly  would  have  had  to  be  used. 

Merton  Gratings.  Merton8  has  suggested 
that  a  relatively  inferior  screw  produced  on 
one  end  of  a  highly  polished  cylindrical  rod 
could  be  employed  to  generate  a  highly 
precise  screw  on  the  other  end  of  the  cylin- 
der. On  the  original  thread  is  mounted  a  nut 
consisting  of  an  outer  metallic  shell  and  an 
inner  lining  of  cork.  Such  a  nut,  if  prevented 
from  turning,  will  advance  smoothly  and 
steadily,  as  the  screw  is  rotated,  without 
periodic  or  random  errors,  which  will  be 
averaged  out  by  the  elasticity  of  the  cork. 

If  a  diamond  point  is  attached  to  an  arm 
extending  out  ahead  of  the  nut,  and  if  the 
pitch  is  made  as  fine  as  1/2000"  to  1/7500", 
a  cylindrical  grating,  free  of  errors,  can  be 
ruled  on  the  far  end  of  the  rod. 

Since  a  cylindrical  grating  is  not  useful  in 
itself,  it  is  necessary  to  produce  replicas  from 
this  master.  This  is  done  by  forming  around 
the  cylinder  an  intermediate  pellicle,  which 
is  then  slit  and  spread  out  into  a  flat.  The 
replicated  grooves  of  the  pellicle  are  then 
impressed  in  a  plane  gelatine  blank.  The 
gelatine  is  hardened  and  aluminized,  to 
form  the  final  replica  grating. 

The  Merton  process  has  been  developed 
to  a  high  art  by  Sayce8  and  co-workers  at 
the  National  Physical  Laboratory  in  Eng- 
land, and  is  used  by  Hilger  Watts,  Ltd., 
and  Paton  Hawksley  to  produce  gratings 
for  the  infrared  or  for  instructional  purposes. 
However,  the  complexities  of  the  replication 
technique  are  so  great  that  it  has  not  been 
possible  to  produce  gratings  of  the  quality 
required  for  emission  work  in  the  visible  and 
ultraviolet. 
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GRATING  SPECTROGRAPHS  AND  SPECTROM- 
ETERS 

Advantages  of  Plane  Gratings.  When 
in  1882  and  1883  Rowland1  demonstrated 
theoretically  that  a  concave  reflection  grat- 
ing would  function  if  the  rulings  were  spaced 
equidistantly  on  the  chord,  so  that  it  became 
feasible  to  fabricate  such  a  device,  and  when 
he  and  his  machinist,  Schneider,  indeed  suc- 
ceeded in  producing  an  excellent  example,  all 
interested  scientists  adopted  this  new  tool 
with  enthusiasm.  From  1883  to  1950  con- 
cave gratings  reigned  supreme.  Although 
plane  reflection  gratings  were  somewhat 
simpler  to  generate  (and  the  difficulty  of 
ruling  an  adequate  supply  of  gratings  for 
many  years  limited  their  application),  they 
were  employed  infrequently,  usually  for  high 
resolution  research  work.  The  commercial 
grating  spectrographs  developed  from  1935 
on  all  utilized  concave  gratings.  During  the 
last  decade  the  tide  has  flowed  strongly  in 
the  opposite  direction,  until  today  only  one 
manufacturer  retains  the  concave  grating  in 
a  large  photographic  spectrograph  for  the 
usual  analytical  range.  Concave  grating 
instruments  are  still  employed  in  the  vacuum 
ultraviolet  or  for  fixed  position  spectro- 
graphs. The  plane  grating  spectrographs 
have  become  important  for  a  number  of 
reasons.  From  the  point  of  view  of  the 
operator  they  are  the  following: 

(1)  Adjustment  of  wavelength  range  is 
much  simpler. 

(2)  Higher  orders  can  be  reached,  for 
higher  dispersion  and  resolution. 

(3)  Most  of  the  plane  grating  designs  are 
highly  stigmatic. 

(4)  The  instruments  tend  to  be  more 
compact. 

From  the  point  of  view  of  the  manufacturer 
they  are: 
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(1)  The  mechanical  adjustments  are 
simpler. 

2.  The  plane  gratings  can  be  ruled,  repli- 
cated and  tested  more  readily  and  their 
intensity  distribution  more  precisely  con- 
trolled. 

Plane  Gratings  instead  of  Prisms 

In  many  cases  plane  gratings  can  be  sub- 
stituted for  prisms  in  the  mountings  previ- 
ously described.  For  example,  it  has  been 
common  practice  to  use  plane  reflection 
gratings  in  constant  deviation  spectrometers. 
Long  40-foot  Littrow  plane  grating  spectro- 
graphs  have  been  built  by  R.  W.  Wood  and 
others  for  very  high-resolution  work.  There 
are  practical  difficulties,  however.  If  a  plane 
grating  is  substituted  for  a  prism  in  a  com- 
mercial large  Littrow  quartz  spectrograph, 
the  tilt  of  the  plateholder  will  be  so  much 
less  that  the  range  of  adjustment  available 
will  not  suffice. 


Mr-l 


=  = 


FIG.  1.  Original  Ebert  plane  grating  spectro- 
graph,  designed  in  1889. 


FIG.  2.  Fastie  plane  grating  scanning  spec- 
trometer. 


Q3 


FIG.  3.  Fastie  modified    "over-under"  Ebert 
spectrograph. 
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Plane  Grating  Spectrographs 

The  Ebert  Mounting.  In  1889  Ebert2  advo- 
cated the  mounting  shown  in  Fig.  1.  The  de- 
sign was  criticized  by  Kayser  and  was  never 
adopted   generally.   In   1952   William   G. 
Fastie8  independently  developed  the  same 
basic  design  for  a  high  resolution  scanning 
spectrometer  (Kg.  2).  Fastie's  work  and  en- 
thusiasm stimulated  interest  in  the  original 
Ebert  arrangement,  which  may  be  desig- 
nated a  "side-by-side"  design.  The  entrant 
rays  are  on  one  side  of  the  grating;  the 
emergent  rays  on  the  other.  Fastie  suggested 
a   modification,    an    "under-over"    design 
(Pig.  3).  The  entrant  rays  pass  below  the 
grating  while  the  emergent  rays  pass  above. 
The  Ebert  mounting  is  achromatic,  as 
indeed  is  any  plane  grating  design  which 
utilizes  concave  mirrors  rather  than  lenses  as 
focusing  elements.  This  results  from  the 
separation  of  the  image-forming  and  dis- 
persing elements.  It  is  possible  to  change 
the  wavelength  range  merely  by  rotating  the 
grating — a  major  advantage.  On  the  other 
hand,  as  indicated  in  the  diagram,  while  the 
rays  returned  by  the  grating  to  the  mirror 
are  parallel  for  any  given  wavelength,  the 
rays  for  different  wavelengths  are  divergent. 
Hence  a  large  objective  mirror  is  required  to 
cover  any  extended  wavelength  range  at  the 
camera.  Fastie  suggested  that  the  grating  be 
moved  at  least  halfway  toward  the  concave 
mirror,  so  that  a  relatively  smaller  mirror 
will  encompass  a  wide  wavelength  range. 

Jarrell-Ash  Company  has  utilized  the 
Fastie  Ebert  under-over  design  in  3.4-meter 
and  2.5-meter  plane  grating  spectrographs 
(Fig.  4).  The  grating  is  rotated  by  a  worm 
gear  and  worm  drive  operated  from  the  front 
of  the  spectrograph,  with  either  a  counter  to 
read  the  angle,  or  a  wavelength  scale.  In  the 
3.4-meter  model  a  large  grating  ruled  with 
15,000  grooves/inch  over  5%"  X  2^*  gives 
a  first-order  dispersion  of  5  A/mm  over  a 
range  of  2100-4700  A.  A  grating  of  30,000 
grooves/inch  yields  2.4  A/mm.  Gratings  are 
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readily  interchangeable,  to  suit  unusual 
applications.  A  Littrow  quartz  prism  can  be 
substituted  for  the  grating,  covering  the 
entire  wavelength  range  from  2100-8000  A 
simultaneously,  at  a  dispersion  comparable 
to  a  large  Littrow  quartz  spectrograph. 

Since  the  grating  can  be  rotated  to  angles 
as  high  as  70°,  it  is  possible  to  reach  wave- 
lengths up  to  3  microns  with  a  grating  of 
15,000  grooves/inch  or  6  microns  with  a 
grating  of  7500  grooves/inch.  Thus  the  25th 
order  of  2537  A  can  be  photographed  at  a 
dispersion  of  0.18  A/mm,  to  obtain  resolu- 
tion above  400,000.  The  coarser  grating 
produces  a  larger  number  of  overlapping 
orders,  so  that  a  grating  of  7500  grooves/ 
inch  will  cover  the  complete  range  2055  A- 
4360  A  without  gaps  by  the  17th  through  9th 
orders  at  dispersions  ranging  from  0.50  to 
0.95.  A/mm.  An  "order  sorter"  is  offered  to 
separate  out  the  orders,  so  that  they  are 
recorded  simultaneously,  one  above  the 
other.  The  order  sorter  consists  of  a  low- 
dispersion  direct-vision  illuminator,  with  the 
slit  and  optical  axis  horizontal  and,  there- 
fore, "crossed"  with  the  grating  dispersion. 

The  Jarrell-Ash  Ebert  Spectrograph  (Fig. 
4)  can  be  supplied  also  with  a  direct  reading 
head  on  the  side,  with  a  large  mirror  which 
can  be  inserted  in  the  optical  path  at  45°  to 
divert  the  light.  Twenty  or  more  exit  slits 
and  photomultipliers  can  be  accommodated. 
The  instrument  can  be  used  also  as  a  high- 
dispersion  scanning  spectrometer,  either  by 
adding  a  head  with  a  fixed  and  a  scanning 
exit  slit  for  ratio  measurements,  or  by  a  slow 
motion  scanning  drive  for  the  grating.  The 
Jarrell-Ash  design  of  Ebert  spectrograph  is 
manufactured  under  license  by  Hilger  & 
Watts,  Ltd.,  in  England,  and  has  been  copied 
in  Japan  by  Shimadju. 

Bausch  &  Lomb  Optical  Company  has 
utilized  the  Ebert  mounting  in  its  two- 
meter  dual  grating  spectrograph  (Fig.  5). 
Since  the  grating  is  positioned  near  the  slit- 
camera  end  of  the  instrument,  the  large  18 
inch  mirror  covers  a  field  of  only  10  in.  To 
obtain  a  field  of  20  in.,  two  separate  gratings 


are  employed,  each  covering  10  in.  The  grat- 
ings are  independently  adjustable.  Normally 
the  spectrograph  is  supplied  with  a  first 
grating  of  30,000  grooves/inch,  which  is 
used  in  the  first  order  at  4  A/mm,  covering 
1000  A,  and  a  second  grating  of  15,000 
grooves/inch,  blazed  for  the  second  order,  to 
cover  another  1000  A  at  4  A/mm.  The  second 
grating  may  be  used  also  to  record  the 
higher  wavelengths  in  the  first  order  at  8 
A/mm,  but  because  of  the  blaze  will  be  very 
weak  in  the  low  wavelength  first  order. 

A  dual  condensing  system  utilizing  a  bi- 
prism  is  provided  to  permit  illuminating  the 
two  gratings  from  a  single  source. 

Optica  of  Milan  and  Zeiss  of  Jena  are 
currently  introducing  Ebert-type  plane  grat- 
ing spectrographs. 


(Courtesy  Jarrttt-Ath  Company) 

FIG.  4.  Jarrell-Ash  Ebert  3.4  meter  spectro- 
graph, with  direct  reading  head. 


(Courtesy  Bauech  &  Lomb  Optical  Company) 

Fio.  5.  Bausch.  &  Lomb  2-meter  dual-grating 
spectrograph. 
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(a) 


(Courtesy  Applied  Research  Laboratories) 

(b) 

FIG.  6.  Cserny-Turner  1.5  meter  spectrograph 
of  Applied  Research  Laboratories. 


Czerny-Turner  Mounting.  A  design 
to  Ebert's,  but  utilizing  two  concave  mirrors 
in  place  of  the  single  large  mirror,  derives 
from  the  Czerny-Turner4  mounting  for  mono- 
chromators,  illustrated  in  Fig.  6a.  This  con- 
stitutes a  more  practical  way  of  achieving  a 


(CourUny  JarreU-Ash  Company) 

FIG.   7.  Jarrell  -  Ash  high  -  aperture  Czerny- 
Turner  spectrograph. 
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side-by-side  Ebert  design  for  a  spectrograph, 
since  the  second  mirror  can  be  made  large  to 
cover  an  adequate  field,  whereas  a  single 
mirror  would  have  to  be  so  wide  as  to  be 
impractical. 

Applied  Research  Laboratories  has  uti- 
lized this  basic  design  in  its  1.5-meter 
"Quantograph",  shown  in  Fig.  6b.  With  a 
grating  of  30,000  grooves/inch  a  first-order 
range  of  about  2000  A  is  recorded  at  5.6 
A/mm  on  a  15-in.  length  of  35-mm  film.  The 
spectrograph  may  be  provided  also  with  an 
array  of  exit  slits  and  photomultipliers  for 
use  as  an  integrating  direct  reader,  or  with  a 
single  exit  slit  and  slow  motion  drive  for  the 
grating,  for  use  as  a  scanning  spectrometer. 

JarreU-Ash  Company  employs  a  similar 
design  in  an  F/6.5  plane  grating  spectro- 
graph, of  750  mm  focal  length  (Fig.  7).  (The 
normal  grating  spectrographs  have  aperture 
ratios  in  the  range  F/24  to  F/40.)  Gratings 
of  4  X  4-in.  ruled  area  and  spacing  of  600  or 
1200  grooves/mm  are  interchangeable,  giv- 
ing first-order  dispersions  of  22  or  11  A/mm, 
respectively,  over  a  7-in.  focal  field.  A  3-am- 
pere  iron  arc  will  record  a  strong  spectrum 
in  1/100  sec.  on  Eastman  SA  1  emulsion. 

Several  F/l.l  high-aperture  plane  grating 
spectrographs  have  been  built  by  the  Naval 
Gun  Factory  and  Naval  Research  Labora- 
tory, based  on  a  design  of  J.  G.  Meinel,  using 
a  corrector  plate.  This  instrument  gives 
excellent  speed  and  definition,  suffering  only 
from  the  inconvenience  of  a  focal  curve  not 
exterior  to  the  instrument. 

Bass  and  Kessler5  and  others  have  built 
high-aperture  grating  spectrographs,  utiliz- 
ing commercial  photographic  lenses.  This  is 
an  inexpensive  method  of  achieving  speed 
with  good  definition,  but  the  glass  optics 
restrict  such  instruments  to  the  range  above 
4000  A. 

Concave  Grating  Spectrographs 

Mountings.  Once  the  focusing  condi- 
tions for  the  concave  grating  had  been  for- 
mulated, a  series  of  papers  appeared,  pro- 
posing different  mountings  for  the  concave 
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grating  designed  to  maintain  slit,  grating 
and  plate-  or  film-holder  on  the  Rowland 
circle.  The  more  important  are  shown  in 
Figs.  8-15. 

The  Rowland  mounting9  (Fig.  8)  utilizes 
the  geometric  principle  that  the  locus  of  the 
apex  of  a  series  of  right  triangles  having  a 
common  hypotenuse  is  a  circle  having  the 
hypotenuse  as  a  diameter.  The  grating,  (?, 
and  plateholder,  P,  are  fixed  on  opposite 
ends  of  a  rigid  bar,  which  forms  the  hypote- 
nuse and  the  diameter  of  the  Rowland  circle. 
The  slit,  /S,  is  placed  at  the  intersection  of 
two  tracks,  SP  and  SG,  which  are  carefully 
constructed  at  right  angles.  Rollers  under  G 
and  P  are  constrained  to  travel  along  SG 
and  SP,  so  that  as  the  bar,  GP,  is  moved,  the 
grating  remains  on  the  optical  axis  fixed  by 
the  condensing  system,  and  the  Rowland 
circle  moves  to  coincide  with  all  three  optical 
elements. 


FIG.  8.  Rowland. 


FIG.  10.  Abney. 


FIG.  12.  Radius, 


FIG.  14.  Seya-Namioka. 


The  principal  advantage  of  the  Rowland 
mounting  is  that  the  plated  holder  remains 
on  the  normal  to  the  grating,  so  that  the  dis- 
persion is  linear  over  a  wide  range  of  wave- 
lengths. For  this  reason,  it  was  extensively 
used  for  early  wavelength  measurements. 
However,  the  more  accurate  Fabry-Perot 
etalon  is  now  used  for  such  determinations. 
The  Rowland  design  is  awkward  in  its 
mechanical  adjustments,  bulky,  and  scarcely 
susceptible  to  a  self-contained  construction. 
As  a  result,  the  mounting  has  never  been 
successfully  employed  in  a  commercial  spec- 
trograph  and  few,  if  any,  of  the  early  two- 
room  forms  of  Rowland  mounting  survive, 
even  in  academic  circles. 

The  Paschen-Runge,  or  Paschen,  mounting7 
(Fig.  9)  has  been  used  more  extensively  than 
any  other  for  broad  surveys  of  complex 
spectra.  For  such  work,  large  circular  tracks 


"~ — pn  FIG.  9.  Paschen-Runge. 


FIG.  11.  Eagle. 


FIG.  13.  Wadsworth. 


FIG.  15.  Grazing  incidence. 
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of  21  or  35  foot  diameter  are  built  in  a  room 
which  can  be  temperature-stabilized  and 
darkened.  Plateholders  can  be  clamped  to 
these  tracks  where  desired.  The  slit  mounts 
protrude  through  a  wall  into  an  adjoining 
room  where  the  excitation  equipment  and 
light  sources  are  located.  The  advantages  of 
the  Paschen  mounting  are: 

(1)  After  the  initial  construction  it  is  very 
simple  mechanically. 

(2)  Plateholders  can  be  clamped  to  cover 
an  extended  wavelength  range  and  several 
different  orders  simultaneously. 

The  disadvantage  of  the  mounting  is  its 
extreme  bulk. 

The  Abney  mounting*  (Fig.  10)  was  de- 
veloped to  retain  the  linear  dispersion 
feature  of  the  Rowland  mounting  with  a 
simpler  mechanical  arrangement.  The  plate- 
holder  is  mounted  on  the  normal  to  the 
grating.  The  slit  is  mounted  on  an  arm  rotat- 
ing about  the  center  of  the  Rowland  circle  to 
change  the  wavelength  range.  The  slit 
assembly  must  also  be  rotated  about  an  axis 
below  the  slit  opening  itself,  so  that  the 
source-slit  axis  will  still  point  at  the  grating. 
Although  the  Abney  arrangement  is  some- 
what simpler  mechanically  and  more  com- 


(Cowrtew  Applied  Research  Laboratories) 

FIG.  16.  The  1.5  meter  Abney-form  spectro- 
graph of  Applied  Research  Laboratories. 
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(Courtesy  Applied  Research  Laboratory*) 

FIG.  17.  The  ARL  2  meter  Paschen  spectrograph. 

pact  than  the  Rowland,  it  too  has  been 
largely  abandoned  with  the  shift  of  research 
activity  from  wavelength  measurements  to 
high-resolution  work  over  extended  wave- 
length ranges. 

Commercially  the  1.5-meter  and  2-meter 
spectrographs  manufactured  by  Applied 
Research  Laboratories  can  be  considered  as 
modified  forms  of  Abney  or  Paschen  mount- 
ings. These  mountings  also  constitute  the 
basis  for  the  spectrometers  of  the  ARL 
Quantometers.  In  the  original  1.5-meter 
spectrograph  (Fig.  16)  the  filmholder  was  on 
the  normal  to  the  grating  and  the  slit  posi- 
tion was  moved  to  pick  up  the  second  order. 
In  the  2-meter  (Fig.  17)  and  later  1.5-meter 
design,  the  filmholder  was  moved  to  change 
the  wavelength  range.  These  ARL  spectro- 
graphs have  been  discontinued  in  favor  of 
plane  grating  designs.  Instruments  patterned 
after  the  ARL  are  being  produced  now  by 
Manufacture  Beige  de  Lampes  et  de  Mate- 
riel filectronique  S.A.  in  Brussels  and  by 
Shimadzu  in  Kyoto. 

ARL  1.5  meter  spectrographs  are  found 
throughout  the  world.  The  specifications  of 
the  original  1.5-meter  are  typical:  A  14^" 
length  of  film  covers  the  range  2150-4370  A 
or  4350-6570  A  at  7  A/mm  in  the  first 
order,  using  the  standard  grating  which  is 
ruled  with  24,000  grooves/inch  over  an  area 
of  1  X  2  in.  An  alternative  grating  of  36,000 
grooves/inch  produces  5  A/mm.  The  optical 
bench  in  the  second  slit  position  can  be  used 
to  obtain  second  order  spectra. 
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The  Eagle  mounting9  (Fig.  11)  is  more 
compact  than  any  other  form  of  concave 
grating  spectrograph.  Since  the  slit  and 
plateholder  are  close  together,  the  astigma- 
tism is  less  than  in  other  forms  of  Rowland 
circle  mounting.  Three  independent  mechan- 
ical adjustments  are  required  to  maintain 
the  elements  on  the  Rowland  circle: 

(a)  The  grating  must  be  rotated  to  change 
the  wavelength  range. 

(b)  The  grating  must  be  moved  along  the 
optical  axis  to  maintain  the  focus. 

(c)  The  plateholder  must  be  tilted  about 
an  axis  under  the  slit  to  remain  in  focus 
across  its  length. 

It  will  be  seen  that  these  adjustments  are 
analogous  to  those  required  by  the  Littrow 
prism  spectrograph. 

The  Eagle  mounting  is  still  used  exten- 
sively, both  for  special  research  spectro- 
graphs  and  for  commercial  instruments.  Its 
compactness  renders  it  particularly  suitable 
for  vacuum  spectrographs,  which  have  a 

•mjnirmiTn   pumping  volume  and  nfMMrinruinfi 

mechanical  strength  if  they  are  built  as  a 
cylindrical  tank. 

Commercially  the  Eagle  mounting  has 
been  manufactured  since  1938  by  Baird 
Associates  (now  Baird-Atomic)  of  Cam- 
bridge, Massachusetts  (Fig.  18).  The  three 
adjustments  cited  above  are  made  by  motor 


(Courtesy  Bairfr Atomic,  Inc.} 

FIG.  18.  The  Baird-Atomic  3  meter  Eagle  spec- 
trograph. 


(Courtesy  Jarrdl-Ash  Company) 

FIG.  19.  The  Jarrell-Ash  1  meter  Eagle  vacuum 
spectrograph. 

drives  actuated  by  push  buttons  until  a 
counter  for  each  indicates  the  appropriate 
reading.  A  table  supplied  with  the  instru- 
ment shows  the  appropriate  dial  settings  for 
several  selected  wavelength  regions.  In  the 
low  wavelengths,  diaphragms,  filters  or  sec- 
tor discs  can  be  placed  at  the  Sirks'  position, 
so  that  they  are  in  focus. 

The  earlier  Baird  three-meter  Eagle 
spectrograph  was  supplied  with  a  10-in. 
plateholder,  which  covered  a  first-order 
spectral  range  of  about  1400  A  at  5.6  A/mm, 
with  a  grating  of  15,000  grooves/inch. 
Recently  the  plateholder  has  been  ex- 
panded to  20  in. 

For  its  direct-reading  spectrometers,  Baird- 
Atomic  employs  the  basic  Eagle  arrange- 
ment also,  in  the  sense  that  slit  and  focal 
curve  are  adjacent  and  the  incident  and 
emergent  angles  are  as  nearly  as  possible 
the  same.  A  similar  arrangement  is  used  by 
Jarrell-Ash  Company  for  its  vacuum  direct 
reader.  Hilger  &  Watts  and  Jarrell-Ash 
Company  manufacture  Eagle  vacuum  spec- 
trographs and  scanning  spectrometers 
(Fig.  19). 

G.  R.  Harrison  pointed  out  that  the  rela- 
tively small  astigmatism  of  the  Eagle  mount 
could  be  almost  wholly  corrected  by  intro- 
ducing between  the  slit  and  grating  a  low 
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power  cylindrical  lens,  with  axis  horizontal. 
This  has  the  effect  of  bringing  the  Sirks' 
focus  into  coincidence  with  the  slit,  at  least 
for  one  wavelength.  Bausch  &  Lomb  has 
utilized  this  principle  in  its  1.5-meter  spec- 
trograph  (Kg.  20).  This  instrument  covers 
2200-6200  A  at  16  A/mm  on  a  10-in.  film, 
or  4500-7000  A  at  10  A/mm,  depending  on 
the  grating. 

In  the  Beutler  radius  mounting  (Fig.  12), 
developed  at  University  of  Chicago  and  de- 
scribed by  Sawyer,10  the  slit  and  plateholder 
are  mounted  permanently  on  the  Rowland 
circle,  and  the  grating  is  mounted  on  an  arm 
which  rotates  about  the  center  of  the  Row- 
land circle.  This  arrangement  is  particularly 
suited  for  a  vacuum  spectrograph  or  scanning 
spectrometer,  because  the  slit  and  plate- 
holder  or  exit  slit  can  be  mounted  on  the 
external  walls  of  the  vacuum  chamber,  where 
they  are  accessible  for  adjustment  or  manip- 
ulation. Motion  of  the  grating  within  the 
vacuum  is  readily  accomplished,  and  after 
the  initial  adjustment  does  not  need  to  be 
accessible.  Furthermore,  by  rotating  the 
grating  about  a  vertical  axis  under  its  face, 
the  central  image  can  be  brought  onto  the 
plateholder  or  exit  slit  and  used  to  adjust  for 
focus — always  a  problem  in  the  vacuum 
ultraviolet.  The  disadvantage  of  the  radius 
mounting  is  that  the  grating  rotates  away 
from  the  initial  optical  axes,  so  that  either 
the  axes  must  be  changed  or  there  is  a 
practical  limit  to  the  extent  of  wavelength 
adjustment. 

The  radius  mounting  has  been  utilized 
commercially  by  Baird-Atomic  and  by 
McPhersonfora  scanning  vacuum  ultraviolet 


(Courtesy  Bausch  <k  Lomb  Optical  Company) 

FIG.  20.  The  Bausch  &  Lomb  1.5  meter  Eagle 
spectrograph  with  cylindrical  lens. 
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spectrometer,  based  on  a  specific  design  sug- 
gested by  Tousey  and  Watanabe. 

Of  all  mountings  for  the  concave  grating, 
the  Wadsworth**  (Fig.  13)  is  most  unusual,  in 
that  the  focal  distance  is  half  the  radius  of 
curvature,  the  individual  elements  are  not 
located  on  the  Rowland  circle,  and  a  second 
optical  element  is  introduced  in  the  form  of 
a  concave  eollimating  mirror.  This  arrange- 
ment produces  a  stigmatic  image  and  a  linear 
dispersion,  as  in  the  Rowland  and  Abney 
mountings.  The  concave  mirror  is  mounted 
at  its  focal  distance  from  the  slit,  tilted 
slightly  off  axis  to  irradiate  the  grating  with 
parallel  light.  The  grating  may  be  located 
either  side  of  the  optical  axis,  as  close  to  it  as 
possible  to  minimize  aberrations.  The  plate- 
holder  is  located  on  a  bar  the  axis  of  which 
forms  the  normal  to  the  grating.  To  change 
the  range  to  higher  wavelengths,  the  bar  is 
rotated  away  from  the  mirror  about  an  axis 
under  the  grating  face.  The  plateholder  must 
be  moved  away  from  the  grating  to  remain 
in  focus.  In  any  one  position  of  the  plate- 
holder  the  lower  wavelengths  lie  nearest  to 
the  concave  mirror.  This  appears  paradoxical 
until  one  realizes  that  in  changing  the  range 
it  is  the  angle  of  incidence  which  is  varied, 
while  at  a  given  setting  it  is  the  angle  of 
diffraction  that  defines  the  progression  of  the 
spectrum. 

In  a  21-foot  Wadsworth  spectrograph, 
designed  by  the  author  and  manufactured  by 
Jarrell-Ash  Company  in  1942,  the  unique 
advantages  of  the  grating  were  first  utilized 
in  a  commercial  spectrograph,  which  was  as 
stigmatic  as  prism  instruments. 

A  6-in.  diameter  grating  ruled  with  15,000 
grooves/inch  over  an  area  of  5%  X  2^  in. 
introduced  resolution  available  previously 
only  in  large  laboratory-built  apparatus.  The 
5  A/mm  first-order  dispersion  exceeded  that 
of  all  other  instruments  except  the  large 
quartz  spectrographs  in  the  far  ultraviolet 
(which  in  turn  could  be  surpassed  in  the 
second  and  third  orders),  yet  the  20-in. 
plateholder  covered  in  a  single  setting  the 
entire  range  from  2100  A  to  4700  A,  to  in- 
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elude  the  most  sensitive  lines  for  all  elements 
except  the  alkalies.  Other  notable  features 
were  an  electromagnetic  shutter  to  tune  ex- 
posures and  automatic  racking  for  the  plate- 
holder.  The  wavelength  range,  read  from  a 
scale,  could  be  changed  by  a  motor  drive, 
with  focus  automatically  maintained.  This 
instrument  has  been  superseded  now  by  a 
plane  grating  spectrograph. 

Jarrell-Ash  Company  still  manufactures 
fixed  position  1.5-meter  Wadsworth  spec- 
trographs  (Fig.  21).  These  inexpensive  spec- 
trographs  record  on  a  20-in.  film  either 
2100-4800  A  at  5.4  A/mm  with  a  grating  of 
30,000  grooves/inch,  or  2100-7800  A  at  10.9 
A/mm  with  a  grating  of  15,000  grooves/inch. 

Jarrell-Ash  Company  employs  a  "dual 
deck"  Wadsworth  mount  hi  its  2.5-meter 
direct  reader,  utilizing  two  collimating  mir- 
rors to  Uluminate  a  single  grating,  pro- 
ducing two  identical  spectra  side  by  side. 
This  makes  it  possible  to  set  exit  slits  on 
adjacent  lines,  one  on  each  deck,  and  it  pro- 
vides twice  as  much  space  for  mounting  pho- 
tomultiplier  tubes. 

The  Seya-Namioka11  mounting  (Fig.  14) 
was  suggested  by  M.  Seya  and  T.  Namioka 
hi  1952.  They  pointed  out  that  if  the  angle 
between  the  entrant  and  emergent  rays  in  a 
spectrometer  was  70°15'  there  would  be 


(Courtesy  Jarrett-Aah  Company) 

FIG.  21.  The  Jarrell-Ash  1.5  meter  Wadsworth 
stigmatic  spectrograph. 


(Courtesy  Jarrell-Aah  Company) 

FIG.  22.  Seya-Namioka  .5  meter  scanning 
vacuum  spectrometer  of  Jarrell-Ash  Company,  for 
the  range  600  A  to  3000  A,  extending  to  10,000  A. 

such  slight  defocusing,  if  the  grating  was 
merely  rotated  about  its  own  vertical  axis, 
that  the  image  would  be  entirely  acceptable 
for  scanning  monochromator  usage  in  the 
vacuum  ultraviolet  and  even  into  the  visible 
and  infrared.  The  design  lends  itself  ideally 
to  vacuum  ultraviolet  work,  since  the  en- 
trance and  exit  slits  can  remain  fixed,  as  in 
the  Radius  mounting,  while  the  mechanical 
motion  for  the  grating  is  even  simpler. 
Furthermore,  the  optical  axes  remain  fixed. 
Paul  McPherson  and  Jarrell-Ash  Company 
have  produced  scanning  spectrometers  for 
the  vacuum  ultraviolet,  utilizing  this  design 
(Fig.  22). 

Grazing  Incidence.  If  a  grating  is  illumi- 
nated at  grazing  incidence,  the  short  wave- 
lengths below  1000  A  will  be  totally  reflected, 
whereas  the  reflectivity  of  aluminum  or  all 
other  known  reflectors  or  coated  reflectors 
falls  off  rapidly  from  a  maximum  of  perhaps 
20%  at  1000  A  to  a  few  per  cent  at  500  A. 
For  this  reason  Hoag12  in  1927  first  experi- 
mented with  a  grazing  incidence  spectro- 
graph (Fig.  15).  Angles  of  incidence  as  high 
as  85-89°  have  been  employed  to  observe 
wavelengths  as  low  as  53  A18  or  even  12.1  A.14 
The  astigmatism  of  a  grating  at  such  high 
angles  becomes  extreme,  partially  offsetting 
the  advantage  of  total  reflection.  Dispersion 
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(Courtesy  JarrdL-Ash  Company) 

FIG.  23*  Jarrell-Ash  Company  1  meter  grazing 
incidence  vacuum  spectrograph,  for  the  wave- 
length range  50  A-3100  A. 

is  good  for  a  one-meter  spectrograph  with 
grating  of  30,000  grooves/inch,  about  3 
A/mm  at  1000  A,  and  1.2  A/mm  at  100  A. 
Hilger  &  Watts  manufactures  a  three- 
meter-grazing  incidence  spectrograph  and 
Jarrell-Ash  Company  a  one-meter  spectro- 
graph (Fig.  23),  a  two-meter  scanning 
spectrometer. 
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HISTORY  AND  ORIGIN 

History  of  Optics  to  about  1600 

Time  and  again  archaeological  discoveries 
are  reported  which  allegedly  show  that  the 
ancients  knew  about  the  use  of  optical  lenses 
for  improving  the  recognition  of  small  ob- 
jects and  possibly  for  assisting  malfunction- 
ing eyes.  Examples  are:  (1)  the  discovery  of 
convex  quartz  lenses  of  1  to  3  inches  in  di- 
ameter and  a  refractive  power  of  5  to  8 
dioptrics  on  Crete  in  the  Mediterranean 
Sea  in  1930;  (2)  the  discovery  of  glass  lenses 
of  about  1^4  ^h  in  diameter  and  5%  di- 
optries  in  a  stone  coffin  found  at  Carthage 
(Africa)  in  1914. 

These  lenses  demonstrate  remarkable 
technical  skill  and,  so  some  historians  assert, 
their  optical  magnifying  power  is  so  obvious 
that  it  could  not  escape  detection.  Hence, 
practical  use  of  simple  optical  instruments 
in  times  of  antiquity  seems  highly  probable. 
The  counterarguments  emphasize  the  scar- 
city of  these  findings  and  the  complete  lack 
of  reports  about  applications  and  also  about 
trade  activities  which  certainly  would  have 
served  a  wider  distribution  of  optical  instru- 
ments with  their  wonderful  properties. 

In  reconciliation  of  these  opinions  it  can 
be  safely  assumed  that  there  were  instances 
in  ancient  times  when  a  lonely  tinkerer 
might  have  treasured  a  ground  and  polished 
gemstone  and  made  what  might  be  called 
playful  experiments.  We  do  not  know  about 
them.  They  remained  without  consequence 
in  the  future.  These  early  experiments  can 
be  considered  to  be  forerunners  of  later  dis- 
coveries but  they  certainly  were  not  the  first 
steps  of  the  development  of  an  art.  In  the 
same  sense  Archimedes  cannot  be  called  the 
founder  of  hydromechanics;  nor  should 
Seneca  be  given  credit  for  having  established 
the  foundation  of  spectroscopy  because  he 
observed  the  appearance  of  colors  in  looking 
through  a  triple-faced  piece  of  glass. 

The  possibility  of  the  use  of  lenses  as 
burning  glasses  for  concentrating  the  heat 
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of  the  sun  must  also  have  been  an  early 
observation.  It  was  first  mentioned  by 
Aristophanes  about  423  B.C. 

The  process  of  seeing  and  perceiving  ob- 
jects, shapes  and  colors  attracted  many 
philosophers  of  antiquity.  An  explanation  of 
these  phenomena  was  found  in  the  assump- 
tion of  visual  rays  emanating  from  the  eyes 
by  Plato  about  400  B.C.  in  his  Timaeus. 

Empedocles  of  Agrigent,  about  450  B.C., 
had  assumed  two  different  kinds  of  visual 
rays,  one  coming  from  the  eye  and  the  other 
from  the  body  observed.  The  latter  pene- 
trates through  pores  into  the  sense  organ 
and  an  image  is  formed  from  the  interaction 
of  both. 

Democritus  of  Abdera,  a  contemporary  of 
Plato,  did  not  accept  two  kinds  of  visual 
rays,  but  only  one.  He  assumed  that  small 
particles  are  emitted  by  bright  objects  and 
hit  the  eye.  This  apparently  quite  modern 
concept  is  confused,  however,  by  the  notion 
that  perception  itself  was  explained  by  as- 
suming the  images,  carried  by  the  visual 
rays,  mingled  with  the  surrounding  air  and 
were  then  able  to  penetrate  through  pores 
into  the  eye  where  they  reach  the  soul. 

Aristotle,  about  350  B.C.,  followed  De- 
mocritus in  opposing  the  assumption  of 
visual  ray  emanations  from  the  eye  but  went 
further  in  an  attempt  to  explain  color  per- 
ception. Colors  are  brought  about,  he 
stated,  by  the  mixture  of  light  with  darkness 
in  the  medium  between  the  object  and  the 
eye.  The  thin  medium  of  fog  makes  the 
light  of  the  setting  sun  appear  red  and  the 
heavier  and  thicker  clouds  bring  out  more 
colors  as,  for  example,  in  the  rainbow. 

Euclid  of  Alexandria,  about  300  B.C., 
wrote  several  books  on  mathematics  and 
physics.  In  his  Optics  and  especially  in 
Catoptrics  he  treated  mathematically  the 
geometric  relations  of  the  real  and  apparent 
sizes  of  object  and  image  for  different  dis- 
tances from  plane  and  spherical  mirrors.  He 
stated  the  equality  of  the  angles  formed  by 
reflected  light  beams  traveling  from  and  to 


object  and  image.  Also,  he  considered  con- 
vergence or  divergence  of  light  beams  re- 
flected on  spherical  mirrors  and  studied  the 
position  of  the  focal  point  for  varying  con- 
ditions. With  the  clear  formulation  of  the 
law  of  reflection  a  firm  foundation  of  optics 
had  been  laid.  By  Euclid's  contributions  all 
problems  of  optical  reflection  were  reduced 
to  pure  geometry.  Because  of  the  emphasis 
put  on  mathematics  Euclid  did  not  pay  too 
much  attention  to  the  direction  of  the  light 
beams  in  view  of  their  geometric  reversibil- 
ity. It  is  a  point  of  minor  importance  that 
Euclid  retained  Plato's  erroneous  assump- 
tion of  the  emanation  of  visual  rays  from 
the  eye,  in  spite  of  Aristotle. 

Widespread  is  the  legend  about  Archi- 
medes, about  250  B.C.,  concerning  his  appli- 
cation of  burning  mirrors  for  the  defense  of 
Syracuse:  the  ships  of  a  Roman  fleet  alleg- 
edly caught  fire  from  reflected  sunlight  and 
sank.  Archimedes  was  indeed  a  great  scien- 
tist and  inventor  who  designed  many  war 
machines  and  experimented  with  concave 
mirrors. 

Hero  of  Alexandria,  about  100  B.C.,  is 
best  known  for  his  mechanic,  hydromechanic 
and  pneumatic  investigations.  Interesting  is 
his  version  of  the  law  of  reflection  in  terms 
of  a  TniniTniiTn  principle:  If  one  point  in 
front  of  a  plane  mirror  is  the  optical  image 
of  another  located  on  the  same  side  of  the 
mirror,  then  the  sum  of  the  distances  of  the 
two  points  from  the  point  of  reflection  on 

the  mirror  is  a  rnrnfmmn.  In  other  words, 

the  light  takes  the  shortest  possible  path. 
Then  the  angle  of  incidence  is  equal  to  the 
angle  of  reflection. 

Cleomedes,  about  50  A.D.,  investigated 
optical  refraction  and  used  the  perpendicular 
at  the  point  of  incidence  as  reference.  He 
described  an  experiment  demonstrating  re- 
fraction which  had  been  falsely  attributed 
to  Euclid.  A  ring  is  placed  at  the  bottom  of 
a  jar.  When  the  jar  is  looked  into  in  such  a 
way  that  the  ring  just  disappears  behind 
the  upper  rim  then  it  can  be  made  visible 
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again  by  filling  the  jar  with  water.  Also, 
Cleomedes  pointed  out  that  it  is  because  of 
refraction  that  the  sun  can  still  be  seen  at 
sunset  above  the  horizon  when  actually 
it  lies  below  the  horizon. 

Seneca,  about  40  A.D.,  noticed  and  stated 
that  the  colors  of  the  rainbow  are  the  same 
as  those  seen  through  a  three-cornered  piece 
of  glass  with  a  sharp  edge.  The  latter  colors 
he  declares  as  false  and  only  the  rainbow 
colors  as  genuine.  He  also  observed  and  de- 
scribed the  optical  magnification  of  an 
apple  seen  through  a  round  glass  bottle 
filled  with  water.  It  is  significant  for  him 
and  his  time  that  from  his  optical  observa- 
tions he  formed  the  conclusion  that  nothing 
is  mere  deceptive  than  the  eye. 

Quite  different  in  nature  was  the  work  of 
Ptolemy,  about  100  A.D.,  who  made  the 
first  quantitative  investigations  of  optical 
refraction  phenomena.  His  Opticorum  Ser- 
mones  Quinque  is  not  only  a  summary  of 
everything  that  was  known  at  his  time,  but 
also  of  his  own  ideas  on  the  theory  of  seeing, 
on  reflection  by  plane  and  curved  mirrors, 
and  on  refraction.  In  the  last  area  he  meas- 
ured the  angles  of  incidence  and  refraction 
between  either  two  of  the  media  of  air,  glass, 
and  water. 

Table  1  shows  his  results  for  air  and  water 
compared  with  data  obtained  experimentally 
by  Vitello,  about  1280  A.D.,  and  computed 
from  SnelTs  law  which  was  published  in  1662 
and  upheld  ever  since. 

Ptolemy's  remarkably  accurate  results 
were  relied  on  as  standard  authority  for 
hundreds  of  years.  Today,  they  are  con- 
sidered by  some  historians  as  the  oldest 
extant  example  of  a  collection  of  coherent 
experimental  data. 

From  the  results  of  his  research  in  refrac- 
tion Ptolemy  also  tried  to  explain  the  ap- 
parent paths  of  the  circumpolar  stars  which 
are  not  perfect  circles  but  curves  similar  to 
circles,  only  slightly  flattened.  Ptolemy  did 
not  improve  upon  the  assumption  of  visual 
rays  emanating  from  the  eye;  he  just  reports 
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it.  Obviously,  considerations  about  the  na- 
ture of  these  rays  do  not  enter  mathe- 
matical considerations  of  their  paths. 

During  the  following  400  years  no  remark- 
able progress  in  optics  was  made.  In  about 
530  A.D.,  Anthemius,  the  architect  of  the 
famous  Hagia  Sophia  in  Constantinople,  re- 
ported his  investigations  on  curved  mirrors. 
He  stated  that  light  beams  coming  from  a 
point  source  are  united  again  in  a  point  by 
reflection  only  when  the  mirror  is  elliptical 
in  shape.  He  did  not  believe  the  legend  about 
sinking  the  Roman  fleet  by  Archimedes. 

The  next  progress  worth  mentioning  was 
made  by  the  Arabian  scientist  Alhazen  who 
died  1038  A.D.  He  broke  definitely  with  the 
old  theory  of  visual  rays  as  emanations  from 
the  eye.  The  light  must  come  to  the  eye 
from  the  objects  observed  and  must  have  a 
definite,  but  not  an  infinitely  high  speed,  he 
stated.  He  also  treated  mathematically  in 
more  detail  than  ever  before,  plane,  spher- 
ical, conical  and  cylindrical  mirrors  with 
reflections  both  inside  and  outside.  The  so- 
called  Alhazen's  problem  appealed  to  the 
sldll  of  many  mathematicians  for  a  long 
time.  It  can  be  stated  as  follows:  Find  on  a 
curved  mirror  the  point  of  reflection  of  a 
beam  going  from  a  point  source  to  the  eye 
with  both  in  fixed  positions  in  reference  to 
the  mirror.  Alhazen  could  not  yet  state  the 
law  of  refraction,  but  he  found  the  larger  the 
non-proportionality  of  the  refraction  angles 
the  more  different  the  two  optical  media 
were  in  their  density.  He  also  knew  the 
magnifying  power  of  hemispherical  lenses 
which  he  felt  must  be  put  in  immediate  con- 
tact with  the  object. 

Roger  Bacon  (1214-1294)  can  be  called 
the  first  scientist,  in  the  modern  sense,  of 
medieval  times.  In  his  works  he  still  referred 
to  Ptolemy  and  Alhazen  but  he  widened 
the  horizons  in  all  directions.  He  used  geo- 
metric construction  of  light  paths  on  mirrors 
and  found  for  spherical  mirrors  the  focal 
length  depending  on  the  distance  from  the 
axis  of  symmetry.  For  parabolic  mirrors  he 
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was  able  to  determine  the  exact  position  of 
the  focal  point  and  he  gave  suggestions 
about  how  to  make  such  mirrors.  It  is  un- 
certain, however,  if  he  had  made  one  him- 
self. Bacon  treated  the  magnifying  power  of 
plano-convex  lenses  but  he  still  thought  that 
they  should  be  put  on  the  object  for  observa- 
tion. With  great  enthusiasm  he  described  the 
optical  magnification  of  distant  objects  and 
it  is  obvious  that  he  had  experimented  with 
single  lenses.  However,  there  is  no  indica- 
tion of  the  application  of  telescope-like 
arrangements,  or  of  combinations  of  lenses. 
Most  of  his  work  was  forgotten  after  his 
death  and  his  influence  on  contemporary 
scientists  and  those  of  the  following  200 
years  was  negligible. 

One  of  Roger  Bacon's  contemporaries, 
Vitello  (1270)  collected  and  rewrote  the 
works  of  the  older  opticians  and  added  a  few 
of  his  own  observations.  He  explicitly  stated 
that  the  angles  of  refraction  between  two 
media  stay  constant  when  the  direction  of 
travel  of  the  beam  is  reversed.  Results  of 
his  measurements  of  refraction  are  shown  in 
Table  1.  In  his  explanation  of  the  rainbow 
he  claimed  that  it  is  caused  by  both  reflec- 
tion and  refraction  in  raindrops. 

It  had  been  known  a  long  time  that  lenses 
can  be  used  to  improve  the  visual  power  of 
the  eye.  But  it  was  certainly  another  difficult 
step  to  the  development  of  spectacles  for 
which  a  pair  of  suitable  lenses  had  to  be 
mounted  together  in  rims  with  brackets  in 
such  a  way  that  they  could  be  carried  in 
front  of  the  eyes  at  the  proper  distance. 
Who  was  the  first  to  suggest  and  make  eye- 
glasses is  not  exactly  known.  In  1285  Dido- 
nario  del'Academia  della  Crusca  named  as 
inventor  a  Salvino  degli  Armati  on  whose 
tombstone  in  Florence  was  written  "In- 
ventore  degli  Occhiali"  in  1317. 

At  about  the  same  time  (1310)  Theodori- 
cus  described  accurately  the  path  of  a  light 
beam  within  a  raindrop  for  the  explanation 
of  the  rainbow,  going  further  than  Vitello. 
First,  there  is  a  refraction  near  the  top  of  a 


drop,  then  a  reflection  on  the  back,  and  fi- 
nally another  refraction  near  the  bottom, 
when  the  beam  leaves  the  drop;  this  brings 
about  the  main  rainbow.  The  secondary 
rainbow  is  produced  respectively  by  two-fold 
refractions  and  reflections.  This  lengthens 
the  path  of  the  light  beam  within  the  drop 
so  that  the  exit  angle  is  changed  in  such  a 
way  that  the  primary  and  secondary  rain- 
bows appear  separate.  In  ignorance  of  the 
law  of  refraction,  which  was  found  about  300 
years  after  his  time,  Theodoricus  could  give 
only  scholastic  philosophical  reasons  for  the 
preference  of  nature  for  that  complicated 
light  path,  and  there  were  many  scientists  at 
his  time  and  later  who  disagreed  with  him 
in  this  matter. 

One  of  them  was  Maurolycus,  about  1575, 
who  taught  mathematics  and  physics  in 
Constantinople.  He  had  recognized  the  func- 
tion of  the  eye  lens  and  could  explain  the 
effect  of  eyeglasses  as  means  of  optically 
compensating  for  the  malfunctions  of  the 
eye  lens. 

Giambattista  della  Porta  was  a  collector 
of  Miracitla  rerum  naturalium  which  he 
published  1589  in  the  second  much  im- 
proved edition  of  his  Magia  Naturdlis  and 
in  his  De  Refractione  in  1593.  He  was  more 
a  hobbiest  than  a  scientist,  it  is  true,  but  he 
certainly  was  a  great  experimenter  who  en- 
riched many  of  his  reports,  which  often 
appear  almost  foolish  to  us,  with  his  own 
discoveries.  So  he  improved  the  "camera 
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Angle  of  Refraction  (degrees) 

Angle  of  incidence 

Ptolemy 

Vitello 
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10° 

8 

7% 
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20° 

15% 

15 
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30° 
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22 
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40° 

28 

29 

29 

50° 

35 

35 

35 

60° 

40% 

40% 

40% 

70° 

45 

45 

45% 

80° 

50 

47% 

50 
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obscura"  which  had  been  described  by 
Leonardo  da  Vinci  more  than  50  years  before 
him,  by  mounting  a  lens  into  the  hole  of  the 
"dark  chamber;"  thus  he  obtained  much 
clearer  and  brighter  pictures.  Also,  he 
pointed  out  the  similarity  of  the  camera 
obscura  to  the  human  eye  both  in  structure 
and  in  operation. 

The  camera  obscura  was  further  developed 
by  della  Porta.  He  put  a  tube  in  front  of  the 
lens  with  a  thin  paper  screen  at  its  end. 
There  were  small  figures  drawn  on  the  screen 
which  appeared  highly  magnified  on  the  ob- 
servation wall  of  the  camera  room  when 
sunlight  fell  on  the  screen  outside.  Upon 
moving  the  tube  or  the  figures  on  the  screen 
the  pictures  on  the  wall  would  also  move, 
much  to  the  delight  of  the  visitors  of  the 
inventor.  They,  of  course,  had  to  enter  the 
chamber  to  make  these  observations.  Since 
it  did  not  occur  to  della  Porta  to  make  the 
whole  arrangement  smaller  and  portable,  he 
cannot  justly  be  called  the  inventor  of  the 
toterna  magica,  the  forerunner  of  the  modern 
optical  projector.  The  usefulness  of  a  port- 
able optical  projector  seems  so  obvious  that 
we  cannot  see  how  della  Porta  could  have 
missed  this  invention. 

Also,  it  is  difficult  to  understand  why  the 
compound  microscope  was  not   invented 
earlier.  The  first  report  about  the  formation 
of  guilds  of  spectacle  makers  came  from 
Flanders  in  the  first  half  of  the  14th  century. 
Certainly  there  were  experiences  in  the  shops 
of  these  opticians  with  combinations  of  two 
or  three  glass  lenses.  But  from  that  time  it 
took  about  200  years  until  the  effects  of  such 
combinations  were  fully  recognized.  The  in- 
vention of  the  compound  microscope  is  dated 
at  about  1590  and  of  the  telescope  at  1608. 
Both  instruments  opened  new  worlds  for 
everybody  who  cared  to  use  them,  but  their 
appreciation  depended  decisively  on  the  cul- 
tural background  and  on  the  readiness  to 
look  for  those  new  worlds.  With  the  tele- 
scope the  expansion  of  the  range  of  the 
human  eye  was  much  more  obvious  than 
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with  the  microscope.  So  it  is  no  wonder  that 
much  more  attention  was  given  to  the  tele- 
scope than  to  the  microscope  in  the  seven- 
teenth century. 

Invention  of  Microscope  and  Telescope 

Combinations  of  lenses  are  mentioned 
early,  and  the  greater  magnification  ob- 
tained by  a  combination  of  lenses  was  often 
recognized.  Examples  are  the  writings  of 
Fracastorius  about  1550,  and  Cabaeus,  about 
1600,  who  mentioned  such  earlier  reports. 
In  these  older  reports  it  is  sometimes  not 
clear  whether  a  microscope  or  a  telescope  is 
meant  or  even  an  instrument  with  fixed 
position  of  the  optical  parts. 

However,  it  seems  to  be  certain  that  the 
telescope  was  invented  about  1608  in  Hol- 
land because  this  year  is  mentioned  several 
times  by  the  first  authors  writing  about 
this  instrument. 

In  order  to  get  at  the  truth  concerning 
early  priority  claims  in  a  court  investigation 
in  Middelburg,  Holland,  1654,  it  was  estab- 
lished by  witnesses  and  documents  that  the 
manufacturer  of  spectacles  Zacharias  Jansen 
and  his  son  Hans  had  made  telescopes  in 
Middelburg  after  1590  and  before  1609. 
They  consisted  in  a  combination  of  one  con- 
vex and  one  concave  lens  and  had  a  length 
of  15  to  16  inches.  Allegedly,  the  glass  grinder 
Lippershey  had  learned  the  art  from  them 
and  produced  telescopes  for  sale  after  1609. 
Documents  show  that  he  had  submitted  a 
request  that  an  "Octroi"  be  granted  to  hi™ 
This  would  be  called  a  patent  today.  A 
government  committee  checked  his  claims 
and  asked  him,  to  make  two  instruments  to 
see  with  both  eyes,  obviously  for  military 
purposes.  On  February  13,  1609,  he  had 
these  instruments  made  and  delivered  to  the 
government.  A  prize  was  granted  to  him 
but  an  octroi  was  refused  because  others 
had  knowledge  about  the  design  of  tele- 
scopes. 

News  of  this  invention  had  reached  Gali- 
leo Galilei  in  Italy  in  June  1609.  Understand- 
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ing  the  optical  principle  involved  he  made  a 
telescope  himself  and  exhibited  it  in  Venice 
"for  more  than  a  month,  to  the  astonish- 
ment of  the  Heads  of  the  Republic."  He 
kept  on  improving  his  instrument  until,  in 
January  1610,  he  had  one  with  a  magnifying 
power  of  30  times.  It  is  this  instrument  with 
which  he  made  his  fundamental  discoveries 
of  the  mountains  of  the  moon,  of  the  moons 
of  Jupiter,  and  others. 

Nowadays  it  is  practically  impossible  to 
name  a  single  inventor  both  for  the  telescope 
and  for  the  microscope.  On  the  one  hand, 
Zacharias  Jansen  does  not  seem  to  have  built 
a  telescope  at  all,  but  a  microscope,  and  we 
have  the  word  of  no  less  an  authority  than 
Christian  Huygens  for  it.  Also,  Jansen  ap- 
pears today  in  a  suspicious  light  because  he 
had  embezzled  £ alsh  Spanish  money  which  he 
had  coined  on  order  of  his  government  to 
ruin  Spanish  credit.  He  was  condemned  to 
death  but  escaped  from  prison. 

On  the  other  hand,  telescopes  had  been  on 
sale  in  France  early  in  1609.  Also,  at  the 
Frankfurt  Fair  in  Germany  an  itinerant 
Belgian  had  shown  a  telescope  around  in  the 
fall  of  1609.  In  Milan,  Italy,  "Dutch  Trunks, 
Perspectives  or  Cylinders,"  as  they  were 
called,  appeared,  as  well  as  in  Venice,  Padua, 
and  London.  In  consideration  of  these  facts 
the  decision  of  the  Dutch  Government  to  re- 
fuse the  grant  of  a  patent  to  Lippershey 
seems  to  be  justified. 

Spectral  Phenomena,  1600-1800 

The  first  observation  of  spectral  colors 
other  than  those  in  the  rainbow  is  probably 
the  one  reported  by  Seneca  who  lived  about 
40  A.D.  However,  he  claims  that  both  phe- 
nomena are  quite  different  in  nature.  Their 
similarity  or  even  equality  was  first  pointed 
out  by  Maurolycus  in  1575  A.D.  The  same 
opinion  was  expressed  by  Descartes  in  1637. 
About  ten  years  later  in  1648  M.  Marci  de- 
scribed in  his  book  Thaumantias  his  ob- 
servations of  spectra  in  detail.  He  placed  a 
prism  in  front  of  a  hole  in  a  dark  room  and 


observed  a  spectrum  which  he  called  "iris 
trigonia."  He  noted  that  the  colored  rays 
diverge  after  leaving  the  prism  and  that 
they  are  refracted  to  a  different  degree.  He 
also  stated  that  the  colored  light  when  it 
passes  through  a  hole  in  the  screen  does  not 
change  its  color  again  when  it  hits  a  second 
prism.  This  is  really  the  famous  "experi- 
mentum  crucis"  performed  by  Newton  and 
published  twenty-four  years  later  in  his 
Opticks. 

Grimaldi  performed  what  could  be  the 
first  experiment  with  diffraction  gratings  by 
making  fine  and  regular  scratches  on  a  metal 
surface.  In  his  book  printed  in  1665  he  com- 
pared the  diffraction  spectra  with  those  ob- 
tained with  a  prism. 

The  most  comprehensive  investigation  of 
that  time  however  was  performed  by  New- 
ton, who  reported  his  results  and  conclusions 
in  a  letter  to  the  Royal  Society  on  February 
6,  1672.  His  whole  theory  appeared  in  Op- 
ticks  or  a  Treatise  of  the  Reflections,  In- 
flections and  Colours  of  Light  in  1704. 
There  is  another  publication  by  Newton 
covering  his  lectures  in  1728  which,  however, 
does  not  go  beyond  the  Opticks 

In  Book  One  of  the  Opticks  Newton  de- 
scribes how  different-colored  pieces  of  paper 
appear  displaced  and  draws  the  conclusion 
that  the  colors  are  refracted  to  a  different  ex- 
tent. Then  he  describes  how  a  spectrum  origi- 
nates from  white  light  when  a  light  beam 
can  penetrate  through  a  hole  into  a  dark 
room  and  a  prism  is  placed  in  its  path.  New- 
ton recognized  the  spectrum  as  a  superposi- 
tion of  infinitely  many  images  of  the  hole, 
each  in  its  own  special  color.  He  observed 
that  the  spectrum  is  purer  when  a  rectangle 
is  used  instead  of  a  hole,  and  he  recom- 
mended narrow  slits  for  the  extreme  case  of 
exceptional  purity  of  colors  which,  however, 
are  not  very  bright  in  this  case.  Newton 
proved  that  the  colored  light  beams  are 
really  not  produced  by  the  prisms  by  using 
many  different  substances  for  them  with 
which  he  obtained  the  same  results.  He  also 
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showed  that  light  of  a  special  color  has  its 
own  characteristic  refrangeability. 

In  Book  Two  and  Book  Three  (interfer- 
ence and  refraction  phenomena)  the  rainbow 
and  the  color  of  physical  objects  are  treated. 

The  most  important  result  of  Newton's 
Opticks  can  be  stated  as  the  demonstra- 
tion that  it  is  not  the  white  light  which  is 
simple  or  fundamental,  but  that  it  originates 
from  the  combination  of  all  the  other  possible 
colors.  A  certain  color  is  defined  by  its  re- 
frangeability and  its  refraction  coefficient  for 
a  certain  prism  material.  There  are  infinitely 
many  colors  with  homogeneous  transitions 
from  one  to  the  other;  for  practical  purposes, 
however,  Newton  distinguished  seven  main 
colors. 

It  is  remarkable  that  Newton  in  spite  of  his 
very  diversified  and  detailed  investigations 
did  not  find  the  Fraunhof er  lines  but  the  ex- 
planation can  probably  be  found  in  the  in- 
ferior quality  of  his  prisms  which  were  full 
of  spots  and  striations;  also  the  quality  of 
polishing  was  certainly  not  too  good  at  that 
time. 

The  authority  of  Newton  remained  un- 
challenged for  a  long  time,  with  the  conse- 
quence that  some  of  his  errors  were  uncor- 
rected.  One  example  is  Newton's  erroneous 
assumption  of  the  strict  proportionality  of 
refraction  and  dispersion  which  leads  to  the 
impossibility  of  making  achromatic  lenses. 
In  these,  the  refraction  is  used  for  the  forma- 
tion of  the  optical  image  and  the  chromatic 
dispersion  is  suppressed  as  much  as  possible. 
Newton's  authority  had  been  used  time  and 
again  in  later  years  to  prove  that  such  lenses 
could  not  be  made. 

In  1747,  Euler  had  assumed  that  the  dis- 
persion depended  on  the  refractive  index, 
and  developed  a  mathematical  relation  based 
on  this  assumption.  Although  he  later  aban- 
doned this  idea,  it  suggested  the  possibility 
of  making  achromatic  lenses  to  Dollond  who 
succeeded  in  making  the  first  achromatic  ob- 
jectives in  1758  "after  numerous  trials  and  a 
resolute  perseverance."  Certainly,  Dollond 
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had  worked  hard  on  his  optical  experiments, 
but  it  is  also  true  that  he  had  had  a  wide 
correspondence  with  the  opticians  of  his 
time,  as  with  Euler,  and  Klingenstjerna,  and 
that  he  had  obtained  information  about  the 
work  of  Ch.  M.  Hall  who  had  been  his  pred- 
ecessor in  1729.  Nowhere,  however,  does 
Dolland  express  his  recognition  of  the  work 
of  these  men;  he  does  not  even  mention  their 
names. 

Observation  of  lines  Within  and  With- 
out the  Spectrum,  1800-1860 

An  important  progress  in  the  theory  of 
dispersion  was  made  by  the  discovery  of  the 
Fraunhofer  lines  which  permitted  for  the 
first  time  the  measurement  of  the  refrange- 
ability of  the  rays  at  definite  locations  in  the 
spectrum.  These  lines  had  been  seen  first  by 
Wollaston  in  1802,  when  in  a  dark  room  he 
had  looked  through  a  prism  directly  at  a  nar- 
row slit  in  the  window  screen.  He  describes 
the  spectrum  of  the  sunlight  to  be  not  con- 
tinuous, as  had  been  generally  assumed  at 
that  time,  but  divided  into  several  distinct 
colors  by  sharp  and  dark  lines.  He  states 
that  these  lines  can  best  be  seen  if  the  prism 
is  held  in  such  a  position  that  the  light  beam 
suffers  a  TrrinimuTn  of  refraction.  There  can 
be  no  doubt  that  Wollaston  had  actually 
seen  the  Fraunhofer  lines  but  nothing  came 
of  his  discovery,  and  it  has  been  completely 
forgotten  for  a  long  time. 

Eleven  years  later,  Fraunhofer,  an  optician 
and  instrument  maker,  rediscovered  the 
dark  lines  in  the  sun  spectrum  and  knew  how 
to  make  the  best  use  of  this  observation.  He 
reported  his  discoveries,  first  in  lectures,  in 
1814  and  1815,  and  later,  in  1817,  in  a  publi- 
cation. In  this  and  his  later  publications- 
Fraunhofer  did  not  try  to  establish  any 
theory  about  the  origin  of  the  bright  or  dark 
lines  in  the  spectrum;  however,  the  progress 
made  by  him  is  very  important.  It  can  be- 
summarized  in  the  following  way:  First,  the 
spectrum  of  the  sunlight  has  dark  lines  at 
certain  invariant  positions  which  permit  the 
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designation  of  accurately  determined  wave- 
lengths for  these  and  other  positions  in  the 
spectrum.  Secondly,  it  was  found  also  that 
the  other  celestial  bodies  have  lines  in  their 
spectra  which,  however,  can  be  different 
from  those  of  the  sun  spectrum.  Thirdly,  it 
was  found  that  apparently  all  light  sources 
on  the  earth  have  dark  or  bright  lines  in  the 
spectrum. 

In  1821  Fraunhofer  investigated  the  in- 
fluence of  one  or  several  slots  on  a  light  beam 
passing  through  them  and  as  a  result  of  his 
investigations  he  invented  the  diffraction 
grating.  He  made  a  great  number  of  these 
new  devices  and  used  them  for  the  first  de- 
termination of  the  wavelength  of  the  dark 
lines  in  the  spectrum  which  were  called 
Fraunhofer  lines  after  him. 

Two  years  later,  in  1823,  J.  F.  Herschel 
published  the  first  crude  pictures  of  emission 
spectra  as  plots  of  intensity  versus  spectral 
color.  He  investigated  burning  sulfur  and 
alcohol  in  which  was  dissolved  a  salt  of  stron- 
tium, barium,  mercury,  copper,  and  boron. 
He  found  that  also  many  other  salts  color 
the  alcohol  flame  both  as  solutions  and  as 
powders  put  on  the  wick.  Herschel  wrote  in 
1831 :  "The  colors  thus  communicated  by  the 
different  bases  to  flame  afford  in  many  cases, 
a  ready  and  neat  way  of  detecting  extremely 
minute  quantities  of  them."  No  doubt,  Her- 
schel had  thought  about  spectral  analysis 
but  did  not  bring  this  idea  to  fruition.  Also, 
he  described  how  a  flame  with  very  bright 
yellow  light  can  be  produced  when  certain 
materials,  as  for  example,  sulfur,  are  thrown 
into  a  very  hot  crucible  and  that  in  such  a 
case  almost  no  other  colors  are  detectable.  So, 
he  thought  that  the  light  of  the  same  color 
can  come  from  different  materials  and  that 
the  spectral  colors  depend  on  the  tempera- 
ture of  the  flames.  The  reason  for  this  false 
opinion  was  the  ubiquitous  presence  of  so- 
dium, the  bright  yellow  line  of  which  would 
subsequently  deceive  many  other  investi- 
gators. 

In  1833,  and  in  later  years,  Sir  David 


Brewster  published  his  results  of  investiga- 
tions of  absorption  spectra  of  colored  sub- 
stances. He  thought  that  the  variety  of  the 
bands  observed  is  brought  about  by  a 
superposition  of  single  bands  each  of  which 
would  belong  to  one  single  element.  He 
studied  vapors  of  sulfur,  arsenic,  and  iodine. 
Nitrous  acid  vapor  showed  a  spectrum  which 
did  not  fit  his  ideas  at  all.  It  consisted  of  a 
large  number  of  short,  fine  black  lines  which 
Brewster  could  not  understand;  he  counted 
more  than  2,000  of  them.  He  compared  this 
spectrum  with  the  one  given  by  sunlight 
and  believed  that  he  had  found  many  coin- 
cidences. For  these  studies  he  prepared  a 
new  drawing  of  the  sun  spectrum  which  was 
twelve  times  as  long  as  Fraunhofer's  map. 
The  deviations  from  Fraunhofer's  original 
drawing  Brewster  explained  by  the  assump- 
tion that  the  sunlight  had  changed  since 
Fraunhofer's  studies. 

Brewster  found  also  that  the  sun  spectrum 
varies  with  the  time  of  the  day  and  with  the 
season.  He  drew  the  conclusion,  in  1832,  that 
certain  lines  are  brought  about  by  the  earth 
atmosphere  and  he  called  them  "telluric 
lines."  The  other  lines  which  did  not  change 
he  ascribed  to  the  sun  where  they  are  brought 
about  by  absorption  in  the  sun's  atmosphere. 

In  1831  Brewster  had  published  and  de- 
fended for  25  years  a  strange  deduction  from 
experimental  investigations  concerning  spec- 
tral colors.  He  thought  that  they  are  not 
pure  but  that  everyone  of  them  contains  also 
all  the  other  colors  of  the  spectrum.  A  part 
of  them  would  always  combine  into  white 
light  and  the  remainder  would  determine  the. 
apparent  color.  A  definite  color  cannot  be 
associated  with  a  definite  refractive  coeffi- 
cient and  vice  versa.  In  spite  of  serious 
criticism  by  other  contemporary  scientists 
Brewster  tenaciously  clung  to  his  ideas. 
Helmholtz  published  experiments  in  1852 
which  demonstrate  that  Brewster's  results 
can  be  understood  by  diffused  white  light 
present  in  all  parts  of  the  spectrum.  How- 
ever, Brewster  did  not  give  up  his  wrong 
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ideas  and  brought  forth  new,  but  not  very 
convincing,  arguments  even  in  his  last  publi- 
cation in  1866. 

In  the  meantime  many  new  observations 
on  spectra  had  been  made,  for  example  by 
Miller  who  reported  in  1833  his  studies  of 
lines  and  bands  in  the  absorption  spectra  of 
bromine,  iodine,  and  chlorine. 

In  1826,  also  W.  H.  Talbot  had  come  close 
to  the  discovery  of  spectral  analysis  in  stat- 
ing "...  a  glance  at  the  prismatic  spectrum 
of  a  flame  may  show  it  to  contain  substances 
which  it  would  otherwise  require  a  laborious 
chemical  analysis  to  detect."  However,  Tal- 
bot does  not  come  to  any  further  conclusions 
and  it  is  not  possible  to  ascertain  how  he  ar- 
rived at  his  idea.  He  described  detailed  ex- 
periments and  reported  the  results  but 
strangely  enough  they  were  not  taken  by  him 
as  proof.  To  the  contrary,  he  wrote  that  one 
and  the  same  yellow  light  had  been  emitted 
by  burning  sulfur,  a  burning  mixture  of 
kitchen  salt,  soda,  and  sulfur,  diluted  alcohol, 
or  a  platinum  sheet  touched  with  a  finger  or 
with  a  piece  of  soap.  He  stated  that  he  is 
especially  puzzled  by  the  optical  analogy  in 
the  behavior  of  sulfur  and  soda,  "which  do 
not  have  anything  in  common." 

Later  publications  by  Talbot,  in  1834  and 
1835,  are  much  clearer  and  constitute  real 
progress.  He  described  the  flame  spectra  of 
strontium  and  lithium  and  stated  "...  I 
hesitate  not  to  say  that  optical  analysis  can 
distinguish  the  minutest  portions  of  these 
two  substances  from  each  other  with  as 
much  certainty,  if  not  more,  than  any  other 
known  method."  Investigations,  published 
by  Talbot  in  1871,  on  torch  flame  spectra  of 
calcia  are  less  clear  in  results  and  interpreta- 
tions. He  also  described  spark  spectra  of 
several  metals,  which  he  "burned  elec- 
trically." In  connection  with  these  experi- 
ments he  said:  "the  yellow  rays  of  the  salts 
of  soda  possess  a  fixed  and  invariable  char- 
acter." 

A  step  forward  in  the  right  direction  was 
made  by  C.  H.  Wheatstone  whose  investiga- 
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tions  were  published  first  in  an  abstract  in 
1835  and  as  a  detailed  report  much  later,  in 
1861,  which  was  after  the  publications  by 
Kirchhoff  and  Bunsen.  Wheatstone  observed 
spark  spectra  of  mercury  and  molten  metals 
by  means  of  a  prism  and  a  telescope.  The 
position  of  the  lines  could  be  measured  with 
a  micrometer  scale  in  the  eyepiece.  He  found 
the  lines  very  sharp,  bright  and  different  for 
each  metal.  He  stated:  "these  differences  are 
so  obvious  that  any  one  metal  may  in- 
stantly be  distinguished  from  the  others  by 
the  appearance  of  its  spark  and  we  have  here 
a  mode  of  discriminating  metallic  bodies 
more  ready  even  than  a  chemical  examina- 
tion, and  which  may  be  hereafter  employed 
for  useful  purposes."  Wheatstone  also  de- 
veloped ideas  about  the  mechanism  of  light 
emission  and  thought  that  "the  peculiar 
luminous  effects  produced  by  electrical  ac- 
tion on  different  metals  depend,  no  doubt, 
on  their  molecular  structures;  and  we  have 
hence  a  new  optical  means  of  examining  the 
internal  mechanism  of  matter." 

During  the  three  decades  before  Kirchhoff 
and  Bunsen  many  investigations  and  the- 
oretical considerations  were  devoted  to  the 
"true"  nature  of  the  spectra  observed.  Often 
it  was  not  clear  whether  a  certain  spectrum 
came  about  by  emission  or  absorption  alone 
or  by  a  superposition  of  both.  So,  in  the 
description  of  the  emission  spectrum  of  cop- 
per Talbot  said  that  salts  of  copper  emit 
spectra  which  are  so  covered  by  dark  lines 
that  they  appear  girrn1fl.r  to  the  sunlight 
spectrum.  In  the  description  of  emission 
spectra  many  authors  of  that  time  indicated 
where  they  found  dark  regions  in  the  spec- 
trum, thinking  that  these  were  the  charac- 
teristic features  and  not  the  bright  lines  be- 
tween them. 

Herschel  had  been  widely  criticized  for  his 
alleged  discovery  of  heat  radiation  outside 
of  the  visible  spectrum  on  its  red  end  among 
others  by  Leslie  in  1802,  Prfivost  in  1802, 
Bookman  in  1811  andMeikee  in  1825.  Other 
investigators  particularly  Englefield  in  1802 
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and  Hitter  in  1803,  confirmed,  more  or  less, 
HerscheFs  findings.  Some  experimenters  had 
varied  the  materials  of  which  their  prisms 
were  made  and,  depending  on  the  kind  of 
material,  they  found  the  maximum  heat  ef- 
fect either  beyond  the  visible  end,  confirm- 
ing Herschel,  or  within  the  visible  spectrum. 
Among  these  were  Wtinsch  in  1807,  B6rard 
in  1817,  and  especially  Seebeck  in  1818.  The 
reasons  for  .these  wide  disagreements  were 
doubtless  imperfections  in  the  experimental 
means.  Nowhere  had  "pure"  spectra  been 
observed  because  no  slits  had  been  used  yet. 
The  spectra  studied  were  mostly  just  elon- 
gated images  of  the  sun  with  one  red  and 
one  violet  end.  It  is  significant  that  several 
investigators  of  that  time  even  talked  about 
the  "white"  region  of  the  spectrum.  The 
natures  of  heat  and  light  were  not  yet  under- 
stood, and  by  many  they  were  thought  to  be 
special  kinds  of  matter.  Also,  no  difference 
had  been  recognized  between  conducted  and 
radiated  heat. 

It  was  mentioned  before  that  all  scientists 
active  in  optical  research  at  that  time,  had 
been  seriously  misled  in  their  investigations 
by  the  ubiquitous  presence  of  sodium  be- 
cause the  yellow  sodium  line  which  is  so 
bright  in  its  appearance  was  naturally  found 
in  many  other  spectra.  So  Herschel  was  of 
the  opinion  that  one  and  the  same  light  can 
be  emitted  from  different  substances  and  the 
kind  of  the  emitted  light  does  depend  only 
on  temperature.  He  was  able  to  show  that 
some  substances  give  a  characteristic  spec- 
trum but  not  that  one  spectrum  is  charac- 
teristic for  a  certain  substance. 

The  confusion  had  been  increased  by  the 
discussions  following  the  discovery  of  chemi- 
cal effects  in  the  spectrum  at  its  violet  end 
and  in  the  adjoining  invisible  region  by  Bitter 
in  1801. 

So,  in  1832,  Brewster  stated  and  main- 
tained  for  a  long  time  that  there  were  not  less 
than  five  distinctly  different  kinds  of  optical 
light:  Three  visible  colors  and  on  one  end  of 
the  spectrum  the  heat  rays  and  on  the  other 


the  chemical  rays.  But  all  five  are  simultane- 
ously present  in  all  parts  of  the  spectrum  in 
mutual  superposition. 

However,  this  period  of  uncertainty  and 
endless  argumentation  came  to  an  end 
around  1860  with  the  investigations  of 
Kirchhoff  and  Bunsen. 

Development  of  Spectral  Analysis 

Bunsen  and  Kirchhoff  published  the  re- 
sults of  their  first  investigations  in  1859. 
They  had  introduced  ordinary  kitchen  salt 
into  flames  of  different  temperatures  and 
admitted  sunlight  through  the  flames  into 
the  slit  of  a  spectroscope.  They  found  that 
they  could  strengthen,  weaken  and  even  re- 
verse the  dark  D-lines  of  the  spectrum. 
Kirchhoff  drew  the  conclusion  that  the  dark 
lines  in  the  sunlight  spectrum  come  about 
because  in  the  atmosphere  of  the  sun  are 
those  materials  present  which  produce  in  a 
flame  bright  lines  at  the  same  positions.  Be- 
cause the  D-lines  are  dark  with  a  salt  flame 
of  lower  temperature,  he  concluded  that  the 
hot  body  of  the  sun  is  surrounded  by  a  gas 
atmosphere  of  lower  temperature  and  that 
sodium  exists  in  the  atmosphere  of  the  sun 
as  is  indicated  by  the  D-lines.  For  more 
detailed  studies  Kirchhoff  had  made  a  draw- 
ing of  the  solar  spectrum  which  was  eight 
feet  long. 

The  most  meticulous  work  in  this  field 
was  done  by  Angstrom,  who  published  the 
positions  of  about  1200  lines  of  the  solar 
spectrum  in  1868;  800  of  his  lines  could  be 
identified  as  lines  of  elements  known  on  the 
earth.  As  a  unit  he  used  the  ten-millionth 
part  of  a  millimeter  which  is  named  an  ang- 
strom unit  after  him. 

Angstrom  had  used  a  reflection  grating  for 
his  measurements  instead  of  a  prism  because 
it  has  certain  advantages.  For  instance,  the 
regular  reflection  which  a  grating  produces  is 
very  nearly  proportional  to  the  wavelength. 
Hence,  the  wavelengths  and  the  distances  be- 
tween the  lines  can  be  measured  on  a  uniform 
scale. 
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The  first  gratings,  for  example  the  one 
used  by  Angstrom,  were  not  very  fine.  They 
might  have  had  about  5000  lines  to  the  inch. 
The  art  of  making  good  gratings  was  later 
developed  to  an  unprecedented  perfection 
by  H.  Rowland,  professor  of  physics  at  Johns 
Hopkins  University,  who  spent  many  years 
in  perfecting  automatic  ruling  machines  for 
the  production  of  fine  optical  gratings.  Some 
of  them  have  more  than  14,000  lines  to  the 
inch  and  a  length  of  about  6  inches.  Replicas 
of  these  gratings  are  still  made.  Rowland's 
tables  of  solar  spectrum  wavelengths  contain 
about  20,000  lines  and  were  considered  stand- 
ards up  to  recent  times. 

Kirchhoff  had  generalized  his  results  and 
conclusions  in  the  statement  that  for  all  wave- 
length and  all  physical  bodies  the  emissivity 
is  proportional  to  the  absorption,  both  taken 
at  the  same  temperature.  The  ratio  of  these 
two  quantities  depends  only  on  the  wave- 
length and  the  temperature  and  is  equal  to 
the  emissivity  of  the  absolute  black  body. 

The  practical  application  of  their  optical 
principles  led  Kirchhoff  and  Bunsen  to  the 
discovery  of  rubidium  and  cesium  in  1861. 
With  the  same  methods,  thallium  was  dis- 
covered by  Crookes  in  1862  and  indium  by 
Reich  and  Richter  a  little  later. 

During  the  years  after  the  first  publica- 
tions by  Kirchhoff  and  Bunsen  a  violent  dis- 
cussion started  concerning  the  priority  of 
their  discoveries.  Nowadays,  there  seems  to 
be  complete  agreement  among  the  historians 
that  claims  of  an  earlier  priority,  stated 
either  by  or  in  behalf  of  men  like  Angstrom, 
Thomson,  Stokes,  Stieren,  Alter,  Talbot, 
Steward,  and  others,  are  not  justified.  It 
must  be  admitted  that  many  of  these  earlier 
investigators  came  close  to  the  foundations 
of  spectroscopy  but  they  did  not  find  the 
bricks  still  to  be  laid  in  order  to  erect  the 
proud  edifice  of  spectral  analysis.  Not  one  of 
them  recognized  the  fundamental  relation 
between  emission  and  absorption  which  was 
going  to  lead  to  the  success  which  Kirchhoff 
and  Bunsen  had.  A  few  examples  were  men- 


tioned in  the  foregoing  text.  If  a  reader  would 
be  interested  in  details  of  these  arguments, 
he  is  referred  to  the  many  pages  which  Kay- 
ser  wrote  about  this  subject  in  his  handbook 
(see  references). 

In  technical  respects,  an  important  appli- 
cation of  spectral  analysis  was  Fraunhofer's 
early  investigation  of  the  spectra  of  celestial 
bodies.  In  order  to  give  the  stars'  spectra 
sufficient  width  he  had  used  a  cylindrical 
lens.  Such  a  lens  was  also  used  by  Huggins 
in  his  famous  investigations  of  1863.  On  the 
same  day  when  his  paper  was  read  to  the 
Royal  Society,  news  arrived  in  London  that 
L.  M.  Rutherford  in  the  United  States  had 
made  similar  observations.  Later  it  was 
found  that  at  about  the  same  time  Secchi 
in  Rome  and  Vogel  in  Potsdam  had  also  en- 
tered the  field  of  stellar  spectroscopy.  It  is 
not  strange  that  under  these  circumstances 
there  followed  a  redundance  of  publications 
in  this  field.  Only  a  few  cases  can  be  men- 
tioned here  which  seem  to  be  remarkable  in 
certain  respects. 

In  1864,  Huggins  discovered  the  gaseous 
nature  of  the  "unresolved"  nebulae  which 
had  so  stubbornly  resisted  the  optical  resolu- 
tion into  single  stars  by  even  the  largest 
telescopes. 

In  1868,  Janssen  turned  a  high-dispersion 
spectroscope  tangentially  to  the  sun  and 
saw  the  shape  of  hydrogen  prominences  in 
the  light  of  a  hydrogen  line.  Lockyer  had  had 
the  same  idea  and  had  ordered  a  special 
instrument  for  the  observation  of  the  phe- 
nomenon in  the  same  year.  Much  to  his  dis- 
may the  delivery  had  been  delayed,  but  both 
scientists  agreed  to  share  the  honor  of  pri- 
ority. The  importance  of  their  discovery  lies 
in  the  fact  that  it  now  became  possible  to 
see  the  prominences  at  any  time,  not  only 
when  an  eclipse  occurred,  if  only  a  suitable 
spectroscope  was  available.  Its  high  dis- 
persion would  weaken  very  much  the  diffuse 
light  from  the  sun  body,  whereas  the  mono- 
chromatic light  would  not  be  affected. 

This  experience  showed  the  importance  of 
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the  construction  of  spectroscopes  with  higher 
and  higher  dispersion  which  is  made  possible 
by  the  use  of  more  and  more  prisms  with  the 
necessary  precise  mechanisms  for  moving 
them  in  a  controlled  way.  This  development 
to  ever  higher  optical  and  mechanical  perfec- 
tion is  still  going  on  at  the  present  time. 
Also,  today  only  few  observations  are  still 
made  with  the  eye  directly,  and  the  photo- 
graphic plate  is  widely  used. 

It  is  the  combination  of  the  photographic 
plate  with  a  movable  spectroscope  slit  which 
is  the  basic  idea  of  the  spectroheliograph.  In 
this  instrument  an  image  of  the  sun  is  thrown 
on  the  slit  plane  of  a  spectroscope  and  moved 
across  it  so  that  all  parts  of  the  sun  and  its 
atmosphere  can  throw  light  through  the 
slit.  This  light  is  then  .dispersed  by  one  or 
several  prisms  and  a  narrow  region  of  the 
spectrum  is  isolated  by  another  slit  which  is 
fixed  and  permits  only  light  of  a  certain  wave 
length  to  pass.  This  light  strikes  a  photo- 
graphic plate  upon  which  an  image  of  the 
sun  is  formed  in  the  light  of  a  particular 
wavelength  because  the  plate  is  moved  simul- 
taneously with  the  entrance  image  of  the 
sun.  This  is  a  simplified  explanation  of  the 
principles  involved  which  found  several 
modifications  in  later  years.  The  most  im- 
portant contribution  to  this  field  came  from 
G.  E.  Hale  who  developed  his  instrument 
between  1891  and  1895.  With  later  instru- 
ments of  higher  perfection  Hale  attained,  in 
1908,  pictures  of  the  sun  in  the  light  of  one 
of  the  hydrogen  lines  which  showed  that  the 
sunspots  had  a  vortex-like  structure  which 
made  it  possible  to  understand  the  formation 
of  strong  magnetic  fields  from  the  movement 
of  charged  particles  (ions). 

A  difficult  problem  of  solar  research  is 
presented  by,  what  is  called,  the  corona,  the 
outermost  parts  of  the  sun  atmosphere.  Its 
light  is  so  faint  that  all  instruments,  includ- 
ing the  spectroheliograph,  failed  in  recording 
it.  Great  success  was  achieved  by  B.  Lyot  of 
the  Mendou  Astrophysical  Observatory  who 
had  the  solar  image  formed  on  a  black  disc 


which  absorbed  the  direct  glaring  light. 
Then,  by  an  ingeneous  arrangement  of  lenses 
behind  this  disc  of  his  "coronagraph"  he  had 
enough  light  left  to  illuminate  a  spectro- 
graph  and  obtained  the  first  complete  spec- 
trum of  the  sun's  corona  in  1931  without  an 
eclipse. 

The  reader  of  more  general  interests  to 
whom  this  instrumentation  of  modern  astro- 
physical  research,  the  main  instrument  of 
which  is  still  the  spectroscope,  seems  too 
intricate  or  involved  must  be  warned. not  to 
enter  a  modern  industrial  spectre-analytical 
laboratory.  There  he  will  see  instruments 
which  are  still  called  "spectroscopes"  or 
possibly  "spectral  analyzers"  but  they  are 
actually  complicated  automatic  machines 
with  which  a  sample  containing  a  dozen  or 
more  components  may  be  analyzed  in  a  few 
minutes  consecutively  or  simultaneously.  No 
attempt  is  made  in  this  historical  section  to 
deal  with  these  products  of  modern  spectro- 
scopical  development.  Examples  are  given  in 
other  parts  of  this  encyclopedia. 
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HOLLOW  CATHODE  DISCHARGE  TUBES, 
ANALYTICAL  APPLICATIONS 

The  hollow  cathode  source,  originated  by 
Paschen9  and  developed  largely  by  Schiller,10 
has  been  extensively  used  for  the  physical 
analysis  of  spectra.11  In  the  past  fifteen  years 
there  has  been  increased  interest  in  the  use 
of  the  hollow  cathode  source  in  chemical 
analysis.  This  is  a  logical  development  since 
this  source  as  compared  to  the  arc  and  spark 
sources  in  air  has  greater  stability,  greater 
reproducibility,  and  longer  lengths  of  excita- 
tion with  little  increase  in  background. 

The  discharge  tube  consists  of  an  anode 
and  a  cylindrical,  hollow  cathode  enclosed 
in  a  vacuum  tight  chamber.  The  chamber 
has  a  quartz  window  so  that  the  discharge 
in  the  tube  may  be  observed,  an  inlet  and 
outlet  so  that  a  rare  gas  may  be  circulated, 
electrical  connections  for  the  two  electrodes, 
and  water  jackets  for  cooling  the  electrodes. 
The  tube  may  be  operated  with  any  stable 
dc  power  supply  capable  of  giving  at  least 
1.00  amp  at  a  few  hundred  volts. 

Cooling  the  electrodes  is  required  to  keep 
the  line  breadth  to  a  minim -MTflt  For  ex- 
tremely narrow  lines  liquid  air  cooling  may 
be  employed.2 

The  rare  gas  used  in  the  discharge  may 
be  cleaned  by  one  of  two  methods.  The  most 
efficient  cleaning  is  accomplished  by  circula- 
tion of  the  rare  gas  through  an  all  glass 
apparatus  containing,  among  other  things,  a 
high  ac  voltage  magnesium  electrode  dis- 
charge, a  heated  CuO  trap,  and  several 
liquid-air  cooled  traps.8  The  second  method5 
utilizes  an  activated  uranium  getter  and  is 
much  simpler  but  less  efficient. 

The  excitation  mechanism  of  the  hollow 
cathode  differs  quite  radically  from  that  of 
an  arc  or  spark  discharge.  After  the  tube 
has  been  outgassed  and  rare  gas  has  been 
admitted,  the  discharge  is  started  by  apply- 
ing a  potential  of  about  1,000  volts.  Upon 
application  of  this  potential  free  electrons 
are  accelerated  toward  the  anode  through  a 
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high  potential  field  where  enough  kinetic 
energy  is  picked  up  to  ionize  the  rare  gas 
atoms  by  collision.  Secondary  electrons  thus 
formed  are  accelerated  toward  the  anode, 
while  the  newly  formed  ions  accelerate  to- 
ward the  cathode. 

The  rare  gas  ions  formed  by  this  discharge 
are  accelerated  toward  the  cathode  and  upon 
collision  with  the  sample  in  the  cathode  cav- 
ity sputter  the  sample  into  the  discharge 
zone.  The  highly  energetic  rare  gas  ions 
then  excite  the  sample  atoms  to  emission 
through  collision.  Greater  amounts  of  spat- 
tering may  be  accomplished  with  the  use  of 
the  heavier  rare  gases  while  greater  excita- 
tion potentials  may  be  obtained  with  the 
lighter  rare  gases. 

Applications  in  Analysis.  This  tube  has 
long  been  used  in  the  physical  analysis  of 
spectra.  Crosswhite,  Dieke,  and  Segagreur6 
describe  a  hollow  cathode  source  for  use  in 
the  establishment  of  wavelengths  and  inten- 
sity standards.  They  investigated  the  effect 
of  rare  gas  pressure,  current,  and  type  of 
rare  gas  used  in  the  discharge.  They  found 
that  with  a  regulated  power  supply  and  a 
sealed  tube  no  fluctuations  in  intensities 
could  be  observed  over  a  period  of  several 
days  of  continuous  discharge.  Other  exam- 
ples of  physical  analysis  are  listed  in  a  bib- 
liography compiled  by  the  Jarrell-Ash  Com- 
pany.7 

To  date  the  hollow  cathode  has  not  been 
used  extensively  in  chemical  analysis.  Its 
applications  have  mostly  been  limited  to 
the  analysis  of  the  relative  amounts  of  iso- 
topes in  natural  and  synthetic  mixtures  of 
elements  and  their  salts.  Brody,  Fred,  and 
Tomkins4  determined  the  relative  amounts 
of  LI  and  L?  in  natural  lithium  salts.  Using 
the  two  isotopic  lines  close  to  6707A,  they 
found  the  ratio  L\/L\  to  be  13.5  d=  0.2. 

In  1947  McNally,  Harrison,  and  Rowe8 
reported  the  successful  determination  of 
halogens  and  sulfur  using  the  hollow  cathode 
source.  They  state  that  1  ppm  fluorine  could 
be  detected  in  a  40-mg  sample  with  exposures 
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of  five  minutes.  A  20-mg  metal  oxide  sample 
containing  30  ppm  fluorine  gave  an  average 
deviation  of  15  %.  Although  no  special  em- 
phasis was  placed  on  the  development  of 
high  sensitivity,  one  microgram  of  sulfur  and 
0.2  microgram  of  chlorine  could  be  detected 
in  20-mg  samples. 

Adams  and  Burns  at  Westinghouse  Corp.1 
are  investigating  the  utilization  of  the  hollow 
cathode  tube  in  analysis  of  high  purity  iron, 
silver,  germanium  and  silicon.  They  find  that 
the  density  of  lines  occurring  from  copper 
impurities  in  high  purity  steel  varies  only  1  % 
in  a  series  of  constant  time  exposures.  Also, 
they  are  able  to  determine  5  ppm  chromium 
with  as  little  variation  and  stated  that  with 
longer  exposure  times  the  sensitivity  could 
be  increased  ten  times. 

Birks8  examined  the  effect  of  the  current 
and  the  helium  pressure  on  the  line  densities 
of  the  alkali  metals  and  the  halogens.  With 
an  order  of  precision  of  ±10  %,  0.1  /*g  F,  1  Mg 
Cl,  5  Mg  Br,  and  2.5  jug  I  could  be  determined. 
In  a  xenon  atmosphere  0.01  jug  Ii,  0.05  jug 
Na,  0.05  jug  K,  0.2  jug  Rb,  and  0.3  jug  Cs 
could  be  determined.  Birks  also  stated  that 
it  should  be  possible  to  obtain  lower  limits 
of  detection  since  the  lower  limits  of  detec- 
tion depend  upon  the  time  of  exposure. 

Although  much  investigation  is  yet 
needed,  the  hollow  cathode  tube  appears  to 
offer  an  excitation  source  for  spectroscopy 
which  has,  in  general,  improved  sensitivity, 
lower  limits  in  the  detection  of  trace  ele- 
ments, greater  line  resolution,  and  greater 
stability  than  the  conventional  arc  and  spark 


sources. 


REFERENCES 


1.  ADAMS,  K.  B.,  BUBNS,  X.,  Westinghouse  Co., 

Research  Memo  6-94602-9-M37  (1957). 

2.  ABBOE,  0.  H.,  MACK,  J.  E.,  J.  Opt.  Soc.  Am., 

40,  386  (1950). 

3.  BIEKS,  F.  T.,  Spectrochim.  Acta,  6, 169  (1954). 

4.  BBODT,  J.  K.,  FBED,  M.,  TOMKINS,  F.  S., 

ibid.,  6,  383  (1954). 

5.  CEOSSWHITB,  H.  M.,  DIEXB,  G.  H.,  SEGA- 

GNBUR,  C.  S.,  /.  Opt.  Soc.  Am.,  45, 270  (1955). 


6.  DISKS,  G.  H.,  CROSSWHITB,  H.  M.,  ibid.,  42, 

433  (1952). 

7.  Jarrell-Ash  Co.,  26  Farwell  St.,  Newtonville 

60,  Mass.  (March,  1958). 

8.  MCNALLT,   J.   R.,   JB.,   HABBISON,   G.   R., 

Rows,  E.,  J.  Opt.  Soc.  Am.,  37,  93  (1947). 

9.  PASCHBN,  F.,  Ann.  Physik,  71, 142  (1923). 

10.  SCHULBB,  H.,  Z.  Physik  72,  423  (1931). 

11.  TOLANSKT,  S.,  "High  Resolution  Spectros- 

copy," Methuen  and  Co.,  London,  1947. 

DAVID  R.  RHODES 

HYPERFINE  STRUCTURE* 

Under  sufficient  optical  resolution  spectral 
lines  of  many  elements  break  up  into  a 
number  of  components.  In  most  instances, 
the  order  of  magnitude  of  these  separations 
is  much  smaller  than  that  of  the  fine-struc- 
ture or  multiplet  separations  that  we  have 
considered.  Using  the  term  somewhat 
loosely,  hyperfine  structure  may  be  the 
manifestation  of  one  of  two  distinct  and 
physically  unrelated  effects  or  both  may 
operate  simultaneously.  If  an  element  con- 
sists of  a  mixture  of  isotopes,  each  will  have 
its  own  set  of  energy  levels,  closely  matching, 
but  not  identical.  Accordingly  each  spectral 
line  will  be  expected  to  have  as  many  com- 
ponents as  there  are  isotopic  constituents, 
assuming  that  the  relative  abundance  is 
sufficient  in  each  instance  for  the  appropriate 
transition  to  be  observable.  In  present-day 
usage  there  is  a  commendable  tendency  to 
refer  to  this  effect  as  isotope  structure  rather 
than  hyperfine  structure.  In  the  instance  of 
light  atoms  isotope  structure  arises  almost 
entirely  from  the  modification  of  the  value 
of  the  Rydberg  constant  due  to  the  varia- 
tion in  nuclear  mass.  This  is  in  accordance 
with  the  previous  discussion  of  hydrogenic 
ions  and  the  isotopes  of  hydrogen.  In  the 
instance  of  heavy  atoms,  a  number  of  other 
factors  contribute,  including  a  volume  effect. 

The  operation  of  these  other  effects  re- 

*The  seventh  in  a  consecutively  developed 
series  of  articles  on  the  fundamentals  of  Optical 
Emission  Spectra:  see  Introduction:  Designation 
and  Description  of  Spectra  for  list  of  topics,  p.  202. 
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suits  in  different  contributions  to  the  various 
energy  levels  of  the  constituent  isotopes  with 
the  consequence  that  patterns  of  different 
lines  may  differ  significantly.  Some  of  them 
may  be  sharp  owing  to  the  superposition 
of  components.  Study  of  isotope  structure 
should  lead  to  better  insight  into  complex 
nuclear  structure  and  possibly  obtain  evi- 
dence to  support  a  choice  between  various 
suggested  nuclear  models. 

True  hyperfine  structure  results,  accord- 
ing to  presently  accepted  theory  from  the 
interaction  of  the  total  resultant  angular 
momentum  of  the  extranuclear  electrons, 
represented  by  J  with  the  angular  momen- 
tum of  the  nucleus  represented  by  /.  This  is 
a  magnetic  interaction  in  which  both  /  and  J 
precess  about  a  resultant,  F.  This  is  strictly 
analogous  to  the  treatment  of  the  L-  and 
^-vectors  to  form  the  resultant  /  in  the 
instance  of  multiplet  structure,  and  leads  to 
analogous  formulas  for  the  interaction 
energy 

I>  -  A'I*J*  cos  (IV*) 
which  is  equivalent  to 
r,  -  MA'VP  +  1)  -  /(/  +  1)  -  /(/  4-  1)1 

where  the  quantum-mechanical  expressions 
are  understood  to  apply  in  the  first  instance. 
The  second  f  onnula  yields  the  same  interval 
rule  that  applies  to  ordinary  multiplets.  The 
total  width  of  a  hyperfine  pattern  is  pro- 
portional to  the  ratio  of  the  nuclear  magnetic 
moment  to  the  nuclear  angular  momentum 
or  mechanical  moment.  The  latter  quantity 
is  readily  determined  from  well-resolved 
patterns  of  classified  lines,  but  the  analysis 
of  the  splitting  factors  Af  to  arrive  at  the 
nuclear  g  factors  is  relatively  difficult. 

Deviations  of  hyperfine  structures  from 
the  interval  rule  are  accounted  for  on  the 
basis  of  an  assumed  electric  quadrupole  mo- 
ment, arising  from  a  non-spherical  distribu- 
tion of  protons  in  the  nucleus.  Values  of  these 
nuclear  quadrupole  moments  have  been  de- 
termined for  many  atoms.  A  convenient  list- 
ing of  all  known  nuclear  moments  is  to  be 
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found  in  the  latest  "Key  to  the  Periodic 
Chart  of  the  Atoms."1  These  data  were  origi- 
nally compiled  by  Klinkenberg.2 

In  general,  hyperfine  structures  associated 
with  nuclear  moments  are  limited  to  nuclei 
of  odd  integral  mass.  This  fact  is  taken  into 
account  in  the  selection  of  source  elements 
for  the  establishment  of  wavelength  stand- 
ards of  extreme  homogeneity.  A  complete 
treatment  of  the  subject  of  nuclear  effects 
on  radiation  has  been  given  by  Kopfennan.8 
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CTJETIS  J.  HUMPHREYS 

INTRODUCTION:  DESIGNATION  AND 
DESCRIPTION  OF  SPECTRA* 

Optical  emission  spectroscopy  is  concerned 
with  spectra  originating  in  atoms  or  in  ions 
of  various  stages.  Essentially  synonymous 
titles  would  be  atomic  spectra,  or  line  spec- 
tra. This  class  of  spectra  is  to  be  differen- 
tiated from  those  of  molecular  origin  which 
are  usually  called  band  spectra.  Spectra  in 
that  category  are  discussed  in  a  separate  arti- 
cle in  this  compilation  entitled  Band  Spectra. 
In  this  discussion  of  emission  spectra  are  also 
included  line  spectra  that  appear  reversed  or 
in  absorption,  of  which  the  Fraunhofer  spec- 
trum of  the  sun  and  a  preponderant  majority 
of  stellar  spectra  are  conspicuous  examples. 

*  The  first  in  a  consecutively  developed  series 
of  articles  by  author  on  fundamentals  of  optical 
emission  spectra,  viz.:  I.  Introduction:  Desig- 
nation and  Description  of  Spectra,  p.  202;  II.  Pre- 
cise Observation  and  Empirical  Classification:  His- 
tory, p.  271;  III.  Bohr  Theory:  Introduction,  p.  116; 
IV.  Doublet  Spectra,  p.  148;  V.  Complex  Spectra,  p. 
127;  VI.  Zeeman  Effect,  p.  328;  VII.  Hyperfine 
Structure,  p.  201;  VIII.  Atomic  Emission  Spectra, 
Analysis  of,  p.  115;  DC.  Current  Status  of  Emission 
Spectroscopy,  p.  132;  X.  Applications,  p.  112. 


INTRODUCTION:  DESIGNATION  AND  DESCRIPTION  OF  SPECTRA 


Line  emission  spectra,  which  originate  in 
gases  excited  to  emit  radiant  energy,  usually 
by  electrical  means,  differ  from  the  continu- 
ous spectra  emitted  by  incandescent  bodies, 
by  exhibiting  an  array  of  lines  characteristic 
of  the  source  element  and  arranged  in  order 
of  wavelength  in  accordance  with  the  char- 
acteristics of  the  dispersing  instrument  or 
spectrograph.  For  practical  purposes,  these 
lines  may  be  thought  of  as  images  of  the  slit 
of  the  spectrograph,  each  formed  by  light 
of  a  separate  and  distinct  wavelength. 

Probably  the  most  distinctive  character- 
istic of  emission  spectra  is  that  each  uniquely 
identifies  its  source  element.  No  two  spectra 
are  alike.  Of  course,  where  a  vast  number  of 
lines  are  involved,  some  fortuitous  coinci- 
dences of  lines  occur.  Most  of  these  are  re- 
solved where  sufficiently  precise  observation 
is  possible.  Because  a  spectrum  provides  an 
unchallenged  signature  or  fingerprint  of  an 
element,  the  possibilities  of  spectroscopy  for 
identification  or  analysis  have  been  recog- 
nized from  the  beginning  of  the  accumula- 
tion of  detailed  knowledge  of  the  subject. 
Although  present-day  activity  utilizing 
emission  spectroscopy  is  mainly  concerned 
with  identification  or  chemical  analysis,  the 
development  of  currently  accepted  concepts 
of  atom  mechanics  based  on  spectroscopic 
experimental  material  during  the  past  half 
century  constitutes  an  epoch-making 
achievement. 

Since  emission  spectra  are  uniquely  char- 


was  generally  included  in  the  designation. 
Thus,  we  had  flame  spectra,  arc  spectra, 
and  spark  spectra.  Lockyer  was  the  first  to 
recognize  that  the  increased  complexity  and 
different  intensity  distribution  of  the  spec- 
trum of  a  spark  discharge,  as  distinguished 
from  that  of  an  arc,  could  be  explained  by 
the  appearance  of  new  lines  of  ionic  origin, 
the  intensification  (enhancement)  of  others 
of  the  same  origin  and  the  suppression  or 
weakening  of  atomic  lines.  Today  we  cus- 
tomarily specify  the  emitter  in  designating 
a  spectrum.  The  designations,  arc  spectrum 
and  spark  spectrum  are,  however,  sometimes 
used  somewhat  loosely,  the  first  referring  to 
an  atomic  spectrum,  the  second  to  one 
originating  in  an  ion.  The  positive  ions  re- 
sulting from  the  removal  of  electrons  are 
represented  by  the  chemical  symbol  fol- 
lowed by  one  or  more  superscript  plus  signs, 
the  number  depending  on  the  number  of 
electrons  removed.  The  use  of  a  Roman 
numeral  following  the  chemical  symbol  is 
customarily  used  to  designate  a  spectrum 
rather  than  the  ion.  Thus,  Fe  I  would  be 
translated,  the  first  spectrum  of  iron  or  the 
spectrum  of  atomic  iron.  However,  a  designa- 
tion reading:  The  spectrum  of  Fe  I,  is  re- 
garded as  tautological.  The  following  tabu- 
lation is  inserted  to  illustrate  and  clarify 
the  modes  of  designation.  The  entries  in 
each  column  are  synonymous.  Successive 
columns  are  used  for  spectra  of  successive 
stages  of  ionization. 


Arc  Spectrum  of  Iron 
First  Spectrum  of  Iron 

Fel 

Spectrum  of  Fe 
Spectrum  of  neutral  iron 


First  Spark  Spectrum  of  Iron 
Second  Spectrum  of  Iron 

Fell 

Spectrum  of  Fe+ 
Spectrum  of  singly  ionized  iron 


Second  Spark  Spectrum  of  Iron 
Third  Spectrum  of  Iron 

Felll 

Spectrum  of  Fe^ 
Spectrum  of  doubly  ionized  iron 


acteristic  of  the  atoms  of  an  element  or  of 
the  atoms  ionized  to  various  stages,  the  name 
or  symbol  of  the  element  is  always  included 
in  any  designation  of  a  spectrum.  In  an 
earlier  period  of  experimentation,  since  the 
character  of  a  spectrum  differed  according 
to  the  mode  of  excitation,  this  information 


The  tabulation  of  experimental  data  ob- 
tained from  the  observation  of  a  spectrum 
is  generally  called  a  description.  Custom- 
arily such  a  description  includes  at  least  a 
list  of  wavelengths  given  in  Angstrom  units 
under  the  conditions  of  observation,  the 
corresponding  wave  numbers  which  are  the 

203 


EMISSION  SPECTROSCOPY— LIGHT 


reciprocals  of  the  wavelengths  expressed  in 
cm""1  after  correction  to  vacuum  values,  and 
a  set  of  numbers  indicating  approximate  in- 
tensities, which  may  be  estimated  or  meas- 
ured. An  appropriate  notation  may  be  intro- 
duced to  indicate  peculiar  properties  of  lines 
such  as  wide,  diffuse,  unsymmetrical,  or  self- 
reversed.  The  wavelength  is  usually  observed 
and  measured  directly.  The  Angstrom  unit 
for  specifying  wavelength  is  named  for  the 
Swedish  scientist  who  introduced  it,  and  is 
equal  to  1  X  10~8  cm.  The  wave  number 
which  may  be  observed  directly,  but  which 
is  customarily  derived  from  the  wavelength, 
is  expressed  in  reciprocal  centimeters,  con- 
veniently written  cm"1.  Some  authors  prefer 
to  use  the  name  kayser  for  cm"1,  but  this 
usage  has  not  been  adopted  officially.  Pub- 
lished descriptions  may  also  include  the 
classifications  or  theoretical  explanations  of 
the  lines. 

Atomic  emission  spectra  embrace  a  fairly 
broad  interval  of  the  electromagnetic  spec- 
trum extending  from  the  soft  X-ray  region 
to  the  intermediate  infrared.  Lines  have  been 
observed  with  wavelengths  as  short  as  6  A, 
and  at  the  opposite  extreme,  to  give  an 
example,  as  long  as  125,000  A,  or  12.5  mi- 
crons.  Development   of  microwave  tech- 
niques has  provided  a  new  method  of  observ- 
ing  some   of   the   structural   features   of 
emission  spectra.  Radio  astronomy,  a  new 
specialized  branch  of  spectroscopy,  makes 
use  of  essentially  conventional  radar  meth- 
ods. The  interval  comprising  the  region  of 
visual  perception,  namely,  4000  to  8000  A, 
and  representing  one  octave  of  frequencies, 
is  a  relatively  narrow  region  and  only  one  of 
about  ten  octaves  that  contain  essentially 
all  observational  data.  Most  of  the  interval 
in  which  emission  spectra  occur,  including 
the  extreme  ultraviolet,   is  accessible  to 
photography.  The  region  of  wavelengths  be- 
yond the  photographic  limit  at  about  13,000 
A  is  observable  only  by  radiometric  methods. 
It  has  received  scanty  attention,  but  owing 
to  the  invention  of  photoconductive  detec- 
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tors,  it  is  much  more  accessible  than  when 
first  explored  by  Paschen  half  a  century  ago. 

CURTIS  J.  HUMPHREYS 

ION  EXCHANGE-SPECTROSCOPIC 

PROCEDURES,  TRACE  ELEMENT  ANALYSIS* 

Introduction 

The  increasing  interest  in  trace  element 
impurities  which  may  be  present  in  many 
substances  has  placed  added  emphasis  on 
methods  for  the  detection  and  determination 
of  extremely  small  quantities  of  material. 
Requirements  for  materials  used  in  nuclear 
reactors,  research  in  solid  state,  geochemical 
studies,  and  biological  investigations,  for 
example,  often  demand  analysis  for  very 
low  concentrations  of  impurity  elements. 
Direct  spectrographic  examination  has  been 
applied  extensively,1  and  perhaps  all  the 
classical  methods  of  separation  have  been 
used  to  isolate  or  concentrate  an  element  or 
group  of  elements  prior  to  the  analytical 
determination.2- 8  Utilization  of  ion  exchange 
resins  to  increase  the  limits  of  detection  is 
particularly  attractive  to  the  spectroscopist 
because  quantitative  separations  can  be 
made  rapidly  with  simple  equipment  and  the 
introduction  of  extraneous  material  to  the 
sample  minimized.  Many  of  the  published 
adsorption  data  obtained  by  radiochemical 
tracer  experiments  or  other  means  have  been 
readily  adapted  to  performing  separations 
before  spectrochemical  analysis.  Applica- 
tions of  ion  exchange  techniques  in  the  field 
of  analytical  chemistry  are  steadily  increas- 
ing4 and  have  been  reviewed  periodically.5-8 

Adsorbabilities  have  not  been  investigated 
thoroughly  for  the  elements  in  all  acids  and 
particularly  in  mixtures  of  acids.  Spectro- 
graphic analysis  of  column  effluent  solutions 
offers  a  rapid  means  of  studying  adsorption 
characteristics  in  a  variety  of  solutes  and 
determining  optimum  conditions  of  separa- 
tion. 

*  Based  on  work  performed  under  the  auspices 
of  the  U.  S.  Atomic  Energy  Commission, 
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Analytical  Applications 

There  are  many  materials  which  have  the 
ability  to  remove  ions  from  solution  by  an 
exchange  process.  Within  recent  years  a 
variety  of  synthetic  high  capacity  ion  ex- 
change resins  have  become  commercially 
available9  and  are  being  utilized  for  an  ever 
increasing  number  of  analytical  operations. 
The  properties  of  these  ion  exchange  mate- 
rials, the  many  diverse  applications,  and  de- 
velopment of  the  theory  is  comprehensively 
described  in  several  recent  books,10-18  litera- 
ture from  various  suppliers,14  and  many  other 
publications  in  this  area.  For  the  isolation 
of  trace  elements  prior  to  spectrographic 
analysis  strongly  acidic  cation  exchangers 
containing  sulf  onic  acid  groups  and  strongly 
basic  anion  exchangers  containing  quater- 
nary ammonium  groups  are  especially  suit- 
able because  of  their  high  operating  capacity 
and  stability  in  strong  mineral  acids.  Cation 
exchange  resins  are  preferably  used  in  the 
hydrogen  form  and  anion  exchange  resins 
are  converted  to  the  required  form  by  treat- 
ment with  an  excess  of  the  solute  to  be  used. 

Employment  of  a  resin  column  is  usually 
preferred  for  analytical  operations,  although 
batchwise  separations  are  sometimes  con- 
venient. The  amount  of  resin  in  the  column 
must  exceed  that  necessary  to  adsorb  the 
desired  elements  and  may  be  estimated  from 
the  rated  capacity  or  determined  experi- 
mentally. In  order  to  effectively  use  ion  ex- 
change resins,  a  solute  is  chosen  in  which 
the  adsorbability  of  the  impurity  elements 
is  markedly  different  than  that  of  the  matrix 
material.  The  degree  of  complexing  can  be 
controlled  by  varying  the  concentration  of 
a  chosen  solute  or  introducing  additional 
complexing  agents.  The  most  generally  use- 
ful applications  of  ion  exchange  resins  for 
spectrographic  analysis  are  the  single-pads 
separations  in  which  the  exchangeable  ions 
are  adsorbed  on  the  resin  bed  and  the  non- 
exchangeable  ions  pass  into  effluent.  Either 
the  minor  or  the  major  components  may  be 
adsorbed.  Whenever  the  impurity  elements 


are  retained  on  the  column  they  may  be 
concentrated  by  ashing  the  resin  or  removed 
by  a  change  of  eluting  agents.  Judgment 
should  be  exercised  when  the  resin  is  ignited, 
since  some  elements  may  be  lost  through 
volatilization.  Adsorption  of  the  sample 
matrix  requires  a  somewhat  larger  resin 
column  and  subsequent  concentration  of 
impurities  in  the  effluent  by  evaporation.  In 
some  instances  the  resin  can  be  used  indefi- 
nitely for  similar  samples  by  removing  the 
adsorbed  matrix  ions  and  reconditioning  the 
column. 

Chromatographic  separations,  in  which 
lesser  difference  of  affinity  for  the  resin  is 
used  to  separate  ions  of  like  charge,  have 
found  a  number  of  specific  applications.  A 
more  rigid  control  of  operating  conditions  is 
necessary  to  achieve  reproducible  elutions. 

Spectrographic  Features 

Analytical  determination  of  impurities  can 
be  made  by  an  applicable  spectrographic 
procedure.  If  the  resin  is  ashed,  the  residue 
may  be  either  analyzed  by  a  direct  excitation 
method  or  placed  in  solution.  Determination 
of  the  impurities  in  the  solution  of  ash  or  in 
the  effluent  solution  can  be  performed  by 
any  of  several  spectrographic  methods  such 
as  the  porous  cup,15  rotating  disc,16* 17  graph- 
ite spark18* 19  or  copper  spark.20  The  proce- 
dures described  below  were  developed  using 
the  copper  spark  method  for  analysis  of 
column  effluents.  The  high  absolute  sensi- 
tivity permits  using  small  aliquots  for  the 
determination  of  a  large  number  of  elements, 
outweighing  the  disadvantage  of  not  being 
able  to  produce  results  for  Si  and  for  some 
elements  which  are  easily  volatilized  from 
hydrochloric  acid  solutions.  Most  results 
were  obtained  by  visually  comparing  the 
sample  spectra  with  previously  prepared 
standard  spectra  (see  Pig.  1)  using  a  pro- 
jection comparator.  The  resulting  reproduc- 
ibility  of  ±50%  of  the  amount  present  was 
sufficiently  accurate  for  trace  element  deter- 
minations and  evaluation  of  a  method.  For 
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(Courtesy  Argon**  National  Laboratory) 

FIG.  1.  Portion  of  a  standard  plate  used  for  estimating  Mn,  Pb,  In,  and  Sr  (4025-4115  A). 
Milligammas  (10~9  g)  of  Mn,  Pb,  and  In  on  the  copper  electrodes  are  given  at  the  extreme  left.  For 
Sr  the  amounts  are  given  near  the  line. 


the  determination  of  copper,  graphite  elec- 
trodes were  used.  The  inadvertent  introduc- 
tion of  foreign  material  is  a  very  real  prob- 
lem in  trace  element  analysis,  requiring 
extreme  cleanliness  and  the  utmost  precau- 
tions to  avoid  spurious  results.  Addition  of 
such  common  elements  as  B,  Na,  K,  Mg, 
Fe,  and  Al  to  the  sample  was  kept  at  a 
TninrrmiTYi  by  using  analytical  grade  or  puri- 
fied resin,  high  purity  reagents,  deionized 
water,  and  distilled  acids.  The  columns,  con- 
tainers, and  other  equipment  were  made 
from  polyethylene,  quartz,  or  other  easily 
cleaned  or  inert  materials.  Specific  impuri- 
ties introduced  were  identified  and  esti- 
mated by  analysis  of  the  effluent  from  a 
blank  run. 

The  application  of  ion  exchange  tech- 
niques in  conjunction  with  spectrographic 
analysis  for  trace  elements  is  illustrated  in 
the  following  brief  summaries. 

Determination  of  Impurities  in  Ura- 
nium and  Plutonium21 

A  one  gram  sample  was  dissolved  in  hy- 
drochloric acid  and  oxidized  with  the  addi- 
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tion  of  a  small  amount  of  nitric  acid.  The 
IT71  or  PuVI  matrix  was  adsorbed  on 
"Dowex"  1  X  10,  200-400  mesh  anion  ex- 
change resin  from  a  solution  greater  than 
6M  hydrochloric  acid  using  a  polyethylene 
column  containing  about  10  grams  of  resin. 
The  effluent  containing  the  nonadsorbable 
ions  was  evaporated  to  a  volume*  of  1  ml  and 
the  elements  present  estimated  by  the  copper 
spark  method.  Impurities  expected  in  this 
fraction  can  be  predicted  from  the  work  of 
Kraus  and  Nelson22  and  were  determined  to 
±50%  of  the  amount  present  by  visual 
estimation.  Limits  of  detection  for  the  ele- 
ments determined  are  given  in  the  first 
column  of  Table  1.  In  the  case  of  Pu,  addi- 
tional impurities  such  as  Cd,  Zn,  Fe,  Mo, 
and  Ga  were  eluted  by  washing  the  column 
with  8M  nitric  acid,  in  which  PuVI  is  still 
strongly  adsorbed.  After  taking  the  effluent 
to  dryness  and  redissolving  in  distilled  hy- 
drochloric acid,  the  solution  was  diluted  to 
1  ml  and  analyzed.  The  limits  of  detection 
for  elements  determined  in  this  fraction  are 
given  in  the  second  column  of  Table  1.  This 
division  of  the  sample  into  hydrochloric  and 
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TABLE  1.  LIMITS  OP  DETECTION*  FOB  ION  EXCHANGE— COPPEB  SPARK  METHOD  (ppm) 


Element 

Impurities 

Element 

Impurities 

In  U  and 
Pu(HCl) 

Add'L  in 
Pu(HNOi) 

InTh 
(HNOa) 

In  U  and 
Pu(HCl) 

Add'L  in 
Pu(HNOi) 

InTh 
(HNOa) 

Ag 

2 

2 

Mn 

0.05 

0.05 

Al 

0.5*» 

0.5b 

Mo 

0.05 

0.05 

B 

0.5 

0.5 

Na 

lb 

lb 

Ba 

0.1 

0.1 

Nd 

0.3 

0.3 

Be 

0.002 

0.002 

Ni 

0.2 

0.2 

Ca 

1* 

1* 

P 

20 

20 

Cd 

0.4 

0.4 

Pb 

0.5 

0.5 

Ce 

0.3 

0.3 

Pr 

0.3 

0.3 

Co 

0.2 

0.2 

Rb 

0.3 

0.3 

Cr 

0.2 

0.2 

Re 

1 

1 

Cs 

5 

5 

Rh 

0.2 

0.2 

Cu 

1 

1 

Ru 

0.5 

0.5 

By 

0.2 

0.2 

Sc 

0.1 

0.01 

Er 

0.1 

0.1 

Sm 

0.5 

0.5 

Eu 

0.02 

0.02 

Sr 

0.002 

0.002 

Fe 

1 

1 

Tb 

1 

1 

Ga 

0.1 

0.1 

Te 

5 

5 

Gd 

0.2 

0.2 

Th 

0.5 

Hf 

0.5 

0.5 

Ti 

0.05 

0.05 

Ho 

0.2 

0.2 

Tl 

1 

1 

In 

0.5 

0.5 

Tm 

0.2 

0.2 

Ir 

1 

1 

U 

2 

2 

K 

0.5b 

0.5*> 

V 

0.1 

0.1 

La 

0.02 

0.02 

Y 

0.005 

0.005 

Li 

0.001 

0.001 

Yb 

0.01 

0.01 

Lu 

0.01 

0.01 

Zn 

2 

2 

Mg 

0.5* 

0.5b 

Zr 

0.1 

0.1 

*  For  a  0.1  ml  aliquot  of  effluent  from  1  g  sample  concentrated  to  1  ml. 
b  Limited  by  residual  in  blank. 


nitric  acid  fractions  reduces  the  possibility 
of  matrix  effects  in  the  excitation  of  an  im- 
pure sample. 

Analysis  of  Thorium 

A  solution  of  a  1  g  thorium  sample  in  ap- 
proximately 8M  nitric  acid  was  passed 
through  a  previously  conditioned  column 
containing  15-20  g  "Dowex"  1  X  10,  200- 
400  mesh  anion  exchange  resin.  The  thorium 
complex  was  adsorbed  while  a  considerable 
number  of  elements  passed  through  the  col- 
umn unaffected.28  The  effluent  solution  was 
evaporated  to  dryness,  the  residue  dissolved 
in  1  ml  distilled  hydrochloric  acid,  and  the 
impurities  determined  by  the  copper  spark 


method.  Analysis  for  Sc,  Y,  and  several  of 
the  rare  earths  was  made  to  within  ±5  % 
of  the  amount  present  by  a  densitometric 
procedure214  and  estimations  made  of  ap- 
proximately 40  additional  elements.  The  lim- 
its of  detection  for  elements  determined  by 
the  above  procedure  are  given  in  the  third 
column  of  Table  1. 

In  addition  to  the  methods  described,  ion 
exchange  has  proved  to  be  extremely  con- 
venient for  application  to  analytical  prob- 
lems encountered  in  the  laboratory  from  day 
to  day.  Traces  of  Cd  were  separated  from 
aluminum  bypassing  a  2M  hydrochloric  acid 
solution  of  the  sample  through  an  anion  ex- 
change resin  column.  The  adsorbed  Cd  was 
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removed  with  dilute  nitric  acid  and  deter- 
mined spectrographically.  A  similar  proce- 
dure was  used  for  determination  of  parts  per 
million  quantities  of  Zr  in  aluminum  and  to 
detect  traces  of  U,  Zr  and  Mo  in  cerium 
after  separation  in  12M  hydrochloric  acid. 
"Dowex-1"  anion  exchange  resin  was  used 
to  concentrate  traces  of  Ta  in  uranium  by  a 
chromatographic  elution  in  20M  hydro- 
fluoric acid.  Although  removal  of  the  ura- 
nium was  not  complete,  10  ppm  of  Ta  could 
readily  be  detected  in  a  200  mg  sample. 

Several  other  useful  applications  of  ion 
exchange  for  spectrographic  analysis  have 
been  reported.  In  1953  Welford,  et  aZ.25  out- 
lined a  procedure  for  the  isolation  of  trace 
quantities  of  Be  from  urine  employing  an 
anion  exchange  resin.  The  EDTA  complex 
was  adsorbed  from  a  basic  solution  and  de- 
termined spectrographically  after  elution 
with  hydrochloric  acid.  Hettel  and  Fassel26 
employed  a  cation  exchange  resin  to  separate 
traces  of  rare  earths  from  zirconium.  The 
rare  earths  were  adsorbed  from  a  fluoride 
solution  to  which  yttrium  carrier  had  been 
added,  removed  from  the  column  with  hy- 
drochloric acid,  and  determined  individually 
using  a  direct  current  carbon  arc  method  of 
excitation.  A  similar  separation  was  used  by 
Carter  et  aZ.27  for  the  analysis  of  uranium  in 
which  rare  earth  elements  were  determined 
spectrographically  after  ashing  the  resin. 
Also,  Hettel  and  Fassel28  have  reported  a  pro- 
cedure for  the  determination  of  small 
amounts  of  rare  earths  in  thorium  after  sep- 
aration from  a  four  molar  hydrochloric  acid 
solution  using  a  cation  exchange  resin  and 
have  demonstrated  the  separation  of  this 
group  from  zirconium  and  uranium  in  a  sul- 
fate  media.  Ko29» 80  spectrographically  deter- 
mined Zr  and  several  additional  dements 
after  separation  from  Pu  by  an  anion  ex- 
change resin. 

The  Study  of  Elements  Removed  from 
Solution  by  Ion  Exchange  Resins 

The  anion  adsorption  of  the  elements  from 
hydrochloric  acid  reported  by  Kraus  and 
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Nelson22  is  perhaps  the  most  complete  sur- 
vey in  this  field  and  is  extremely  useful  as  a 
guide  to  performing  separations  prior  to 
analysis.  Adsorbabilities  of  elements  from 
other  media  have  not  been  thoroughly  re- 
ported and  their  investigation  can  be 
lengthy,  especially  when  facilities  for  radio- 
chemical  techniques  of  analysis  are  not 
readily  available.  Spectrographic  analysis  of 
the  column  effluent  offers  a  relatively  rapid 
means  for  determining  the  adsorption  char- 
acteristics of  some  60-odd  elements  in  a 
variety  of  solutes.  The  principal  advantage  is 
the  ability  to  determine,  simultaneously,  elu- 
tion curves  for  a  large  group  of  elements. 
This  technique  has  been  utilized  for  the 
study  of  ions  removed  from  hydrofluoric  acid 
solutions  by  the  anion  exchange  resin 
"Dowex-1".81  Adsorptions  in  a  range  of  acid 
concentrations  from  1  to  24  M  were  studied 
by  using  a  series  of  eight  columns  to  which 
microgram  quantities  of  elements  were 
equally  added  and  subsequently  eluted  with 
a  selected  acid  molarity.  The  effluents  were 
collected  in  fractions  which  were  analyzed 
by  the  copper  spark  method  to  determine 
the  elution  curve  for  each  element  at  the 
selected  acid  concentration.  Ions  having  no 
adsorption  were  readily  evident.  Distribu- 
tion coefficients  for  those  not  strongly  ad- 
sorbed were  approximated  from  the  location 
of  the  elution  curve  peak  in  ml  using  the 
expression  Kd  =  V/M  presented  by  Tomp- 
kins82'  tt  and  Mayer,84  where  V  —  volume 
of  effluent  in  ml  and  M  =  mass  of  resin. 
Element  species  which  have  a  high  affinity 
for  the  resin  and  require  a  prohibitive  num- 
ber of  column  volumes  for  their  elution  were 
indicated  by  "strong  adsorption"  or  "greater 
than." 

The  above  techniques  have  been  employed 
together  with  chemical  and  radiochemical 
analyses  in  the  study  of  elements  adsorbed 
from  nitrate  media85  by  a  strong  base  anion 
exchange  resin.  In  all  comparisons,  the  spec- 
trochemically  determined  adsorptions  were 
in  excellent  agreement  with  the  results  of 
both  batchwise  and  column  experiments 
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TABLE  2.  DISTRIBUTION  COEFFICIENTS  IN  MIX- 
TUBES  OF  HC1  AND  4Af  HF  APPROXIMATED 
FBOM  SPECTROCHEMICAL  ANALYSIS  OF  COLUMN 

EFFLUENTS 


Element 

HClMolarity 

0.2 

1 

3 

6 

9 

Nb 

160 

36 

37 

138» 

95» 

Ta 

>200 

>200 

>200 

>200 

95» 

Zr 

119 

11 

<1.5 

<1.5 

<1.5 

Hf 

119 

11 

<1.5 

<1.5 

<1.5 

W 

155 

17 

6 

2.5 

5 

Mo 

75 

16 

7 

16 

102* 

Pd 

>200 

>200 

154 

46 

21 

Cd 

166 

>200 

>200 

79 

17 

Zn 

12 

>200 

>200 

89 

41 

•  Eluted  in  broad  bands  unsuitable  for  analyt- 
ical separations. 

where  the  other  methods  of  analyses  were 
employed.  Similar  agreement  with  adsorp- 
tion data  appearing  in  the  literature  for  HC1- 
HF  mixtures88  was  found  in  a  spectrographic 
investigation87  in  which  the  effect  of  varying 
HF  (1-SM)  and  HC1  (0.2-W)  was  studied 
for  some  35  elements.  The  many  possible 
separations  apparent  from  the  distribution 
coefficients  presented  in  Table  2  for  a  group 
of  elements  simultaneously  added  to  the  col- 
umns illustrate  the  value  of  the  described 
techniques  in  development  of  analytical  pro- 
cedures. 
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JOHN  FAKIS 

ISOTOPE  RATIO  DETERMINATION, 
OPTICAL  METHODS  OF 

The  possibility  of  determining  relative  iso- 
topic  concentrations  from  optical  spectra 
was  realized  as  soon  as  observations  of  iso- 
topic  shifts  in  atomic  spectra  were  made 
over  twenty-five  years  ago.  Several  pa- 
pers1 »2»8  reporting  isotope  shifts  included 
estimates  of  the  relative  concentration  of  the 
isotopes  from  intensity  measurements  which 
provided  supporting  evidence  for  the  identi- 
fication of  the  lines  when  compared  with 
mass  spectrographic  results. 

The  optical  method  has  grown  in  useful- 
ness as  an  analytical  tool  in  its  own  right 
due  to  several  factors.  First,  the  need  for 
rapid,  accurate  isotope  determinations  has 
increased  markedly  during  the  past  fifteen 
years  due  to  the  production  and  use  of  sepa- 
rated isotopes  as  a  by-product  of  the  atomic 
energy  program,  as  well  as  the  interest  in 
the  isotopic  ratios  of  certain  reactor  struc- 
tural materials  and  fuels. 

The  second  factor  is  the  improvement  in 
the  quality  of  optical  gratinp.4' B  Since  many 
of  the  shifts  in  atomic  spectra  are  very  small, 
large  gratings  which  exhibit  nearly  theoreti- 
cal resolving  power  are  the  most  universally 
useful.  Through  improvements  in  the  repli- 
cation process,  such  gratings  are  now  fairly 
common. 

Still  a  third  factor  is  the  development  and 
perfection  of  the  scanning  Fabry-Perot  in- 
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terferometer  by  Jacquinot  and  his  associ- 
ates,6*7'8 and  used  by  others,9  as  well  as 
improvements  in  the  reflecting  coatings  by 
the  use  of  multilayer  films  developed  by 
Steudel10  and  others.11' » 

As  the  optical  techniques  have  been  re- 
fined, they  have  grown  in  interest,  since  they 
are  capable  of  results  independent  of  the 
mass  spectrometer  and  in  some  cases  are 
faster. 

In  principle,  the  method  involves  the  rela- 
tive intensity  measurement  of  isotopic  lines 
in  much  the  same  manner  as  conventional 
spectrographic  methods.  In  the  absence  of 
self-absorption  and  with  suitable  instru- 
mental conditions,  the  concentration  of  a 
given  isotope  is  proportional  to  the  peak  in- 
tensity, and  the  relative  isotopic  concentra- 
tion from  the  ratio  of  these  intensities  may 
be  calculated. 

Isotope  shifts  in  atomic  spectra  are  largest 
at  the  extremes  of  the  atomic  weight  scale 
due  predominantly  to  the  mass  effect  in  the 
light  elements  and  the  nuclear  volume  effect 
in  the  heavy  elements.  In  progressing  toward 
the  middle  of  the  weight  scale,  higher  and 
higher  resolving  power  is  required  to  sepa- 
rate the  isotope  lines.  Ultimately  the  shifts 
are  too  small  to  be  resolved.  However,  shifts 
in  molecular  spectra  where  the  isotope  effect 
is  strictly  a  mass  effect  are  still  observed 
and  can  be  used  for  isotope  assay. 

Isotopic  analyses  have  been  accomplished 
by  using  mass  spectrometrically  analyzed 
mixtures  of  isotopes.  A  working  curve  is  pre- 
pared in  the  conventional  manner  and  care- 
fully standardized  conditions  are  maintained 
for  standards  and  sample  alike. 

A  more  fundamental  approach  has  been 
used  resulting  in  isotopic  assays  completely 
independent  of  the  mass  spectrometer.  In 
this  case  better  resolution  of  the  isotopic 
lines  is  required.  Consequently  conventional 
methods  of  excitation  such  as  the  d.c.  arc 
or  spark  have  been  used  only  to  a  limited 
extent  due  to  the  Doppler,  Stark,  and  other 
line  broadening  effects.  However,  uranium 
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isotope  assays  have  been  accomplished  by 
sparking  the  metal  directly.18  Hollow  cathode 
tubes14  cooled  with  water  or  liquid  air,18» 16 
and  electrodeless  discharge  tubes17  have 
proved  more  universally  useful  because  of 
the  sharp  lines  produced  and  the  resulting 
improvement  in  the  definition  of  close  iso- 
topic  pairs  or  groups  of  lines.  For  example, 
the  Li  6707A  group  excited  in  a  water  cooled 
hollow  cathode  tube  and  shown  in  Figure  la, 
appears  in  the  d.  c.  arc  as  a  single  broadened 
line. 

Saunderson18  using  the  former  method  has 
developed  a  rapid  procedure  for  determining 
relative  isotopic  concentrations  of  U2*5, 
U286,  and  U288.  An  a.c.  arc  was  used  to  ex- 
cite the  sample  and  correction  factors  were 
determined  to  correct  for  overlapping  of  the 
isotopic  lines  as  well  as  for  underlying  weak 
unlisted  uranium  lines. 

Two  types  of  high  resolution  instruments 
have  been  used:  the  grating  spectrograph 
usually  in  the  higher  orders  and  the  Fabry- 
Perot  interferometer  with  a  grating  or  prism 
monochromator. 

In  the  former  case,  the  quality  of  the  grat- 
ing must  be  nearly  perfect  in  order  to  produce 
sharp  spectral  lines  and  resolve  with  ade- 
quate definition  structures  like  the  mercury 
2536  line  shown  in  Figure  Ib.  The  separation 
of  individual  components  of  the  pattern  is 
about  0.01A.  The  presence  of  spurious  satel- 
lite lines  must  be  nearly  negligible  in  order 
to  avoid  interferences  between  neighboring 
isotope  lines.  The  pattern  demonstrates  a 
resolving  power  of  750,000  or  better. 

Another  typical  pattern  is  the  uranium 
4244.37A  line  shown  in  Figure  Ic.  The  lines 
excited  in  an  electrodeless  discharge  tube 
were  photographed  in  the  sixth  order  of  the 
Argonne  30  ft.  spectrograph.19  The  separa- 
tion of  U285-!!284  lines  is  about  0.05A.  A  direct 
photomultiplier  trace  of  the  U285-!!288  pair 
for  the  same  line  in  the  first  order  is  shown 
in  Figure  2. 

The  Fabry-Perot  interferometer  may  also 
be  used  as  the  high  resolution  instrument 
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(Courtesy  Argonne  National  Laboratory) 

FIG.  la.  Li  6707  A  group  excited  in  a  water 
cooled-hollow  cathode  tube  and  photographed  in 
4th  order  of  the  Argonne  30-ft  grating  spectro- 
graph. The  fine  structure  shift  is  0.15  A.  High 
wavelengths  are  to  the  right. 

FIG.  Ib.  Eg  2536  A  group  excited  in  an  air- 
cooled  discharge  tube  and  photographed  in  the 
10th  order  of  the  Argonne  30-ft  spectrograph.  The 
pattern  has  a  width  of  about  0.045  A  and  the  sep- 
aration of  the  strongest  pair  of  lines  is  about  0.01 
A.  The  various  hyperfine  components  and  isotopic 
lines  are  identified. 

FIG.  Ic.  Isotope  structure  in  U  4244.37  A  line 
photographed  in  the  6th  order  of  the  Argonne  30- 
ft  spectrograph.  The  concentrations  of  U»M,  U*15, 
U"«  and  U"8  were  18.17,  55.47, 18.51  and  7.85  per 
cent,  respectively.  The  greater  width  of  U185  line 
is  due  to  the  hyperfine  structure.  The  spectrum 
was  excited  in  an  electrodeless  discharge  tube. 

with  a  small  grating  or  prism  monochromator 
to  select  the  limited  wavelength  region  of 
interest.  In  this  application  the  grating 
need  not  be  of  the  same  high  quality  de- 
scribed above. 

A  system  used  by  Blaise20  is  shown  in  Fig- 
ure 3.  Light  from  the  liquid  air  cooled  hollow 
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FIG.  2.  Photomultiplier  trace  of  U  4244.37  A  in 
1st  order  of  30-ft  spectrograph  for  a  U**8  concen- 
tration of  31.06  per  cent.  The  lines  were  excited 
from  uranium  metal  in  a  water  cooled  iron  hollow 
cathode. 

cathode,  C,  passes  through  a  prism,  P,  which 
serves  as  an  order  sorter.  Lens  LI  focuses 
an  image  of  the  source  on  the  Slit  PI  of  the 
grating  monochromator  which  allows  the  se- 
lected wavelength  to  pass  through  slit  F2. 
Lens  L2  focuses  an  image  of  the  source  mid- 
way between  L2  and  mirror  M2,  and  lens 
L3  illuminates  the  interferometer,  I,  in  paral- 
lel light  while  lens  L4  focuses  the  fringes  on 
the  circular  opening  to  the  photomultiplier 
tube,  T.  The  latter  is  cooled  in  liquid  air  to 
reduce  dark  current,  thus  allowing  the  photo- 
multiplier  to  be  operated  at  higher  gain 
which  in  turn  permits  a  reduction  of  the  light 
source  intensity  resulting  in  still  sharper  lines 
and  greater  freedom  from  self-absorption. 

The  size  of  the  circular  opening  before  the 
photomultiplier  tube  is  the  same  as  the  cen- 
tral fringe  of  the  interferometer  pattern  after 
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magnification  by  IA.  The  output  of  the 
photomultiplier  tube  is  sent  to  a  cathode 
follower  impedance  matching  amplifier  and 
then  to  the  recorder. 

The  interferometer  fringes  are  scanned  by 
gradually  changing  the  pressure  between  the 
interferometer  plates.  This  is  accomplished 
by  mounting  the  interferometer  in  a  pressure 
chamber  and  slowly  increasing  or  decreas- 
ing the  pressure.  The  change  in  air  density 
between  the  interferometer  plates  changes 
the  index  of  refraction  and  the  optical  path 
length,  thereby  causing  the  interferometer  to 
scan  as  many  as  several  orders  if  desired.  A 
large  tank  of  compressed  air  or  nitrogen  con- 
nected to  the  chamber  and  controlled  by  a 
fine  needle  valve  has  been  used  to  vary  the 
pressure.  For  purposes  of  wavelength  meas- 
urement the  pressure  change  must  be  uni- 
form. Another  apparatus  for  more  precise 
pressure  control  has  been  described  by 
Blaise.20 

An  alternative  system  using  the  scanning 
interferometer  ahead  of  the  monochromator 
has  been  described9  that  provided  a  means 
of  utilizing  an  internal  standard  beam  which 
proved  particularly  useful  for  electrodeless 
discharge  tubes. 

The  scanning  Fabry-Perot  provides  re- 
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FIG.  3.  Scanning  Fabry-Perot  spectrometer  de- 
scribed by  Blaise".  Light  from  a  liquid  air  cooled- 
hollow  cathode  passes  a  prism  order  sorter  and 
thence  to  a  grating  monochromator.  The  inter- 
ferometer is  illuminated  in  parallel  monochro- 
matic light.  A  liquid  air-cooled  photomultiplier 
tube  observes  the  central  fringe  of  the  interference 
pattern.  Scanning  is  accomplished  by  a  gradual 
uniform  pressure  change  in  the  interferometer 
chamber. 
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corder  traces  similar  to  that  for  the  lead 
5201 A  line  shown  ia  Figure  4.  From  the  peak 
heights  the  relative  concentration  of  the 
various  isotopes  can  be  calculated.  In  addi- 
tion to  the  Pb  5201A  line,  the  Pb  4058  line 
has  also  been  used  for  isotope  assay.  The 
former  line  is  preferable  from  the  standpoint 
of  self-absorption  and  the  complexity  of  the 
Pb207  hyperfine  pattern. 

As  an  example  of  the  concentration  limit 
of  the  method  a  series  of  U285-!!288  traces  are 
shown  in  Figure  5  for  the  uranium  5027A 
line.21  Present  in  the  pattern  is  a  weak  un- 
shifted  line  B,  whose  intensity  relative  to  the 
U288  line  has  been  determined.  The  line  B 
serves  as  a  comparison  line  for  U286  at  very 
low  concentrations  and  the  U285/!!288  ratio 
is  calculated  thus: 


IB 

where  I  is  the  intensity  of  the  line  indicated 
by  the  subscript  and  J^m/Zjjm  is  propor- 
tional to  the  concentration  ratio.  In  the  trace 
of  Figure  5  the  TJ288  line  has  been  attenuated 
by  a  large  factor. 

Table  1  shows  some  results  of  the  optical 
method  of  isotope  assay  for  uranium.  The 
U286,  IP888  isotope  pair  for  the  4244.37A  line 


FIG.  4.  Scanning  Fabry-Perot  spectrometer 
trace  f  or  Pb  5201 A  by  Blaise1'.  Pb107  has  two  hyper- 
fine  structure  components  a,  b.  From  the  peak 
heights  the  relative  isotopic  concentrations  may 
be  calculated. 


u235 

(0.12%), 


FIG.  5.  Scanning  Fabry-Perot  spectrometer 
trace  for  U  6027  A  for  (a)  2.5  per  cent  U»5,  (b) 
1.35  per  cent  U*88  and  (c)  0.12  per  cent  Um.  The 
U*88  line  has  been  attenuated  by  several  factors. 
The  unshifted  line  B  serves  well  as  an  internal 
standard  line.  This  series  of  traces  demonstrates  a 
practical  limit  for  the  lower  concentration. 

was  excited  in  a  water  cooled  hollow  cathode 
tube  and  resolved  in  the  second  order  of  the 
Baird  3  meter  grating  spectrograph.  The  iso- 
tope pair  was  scanned  directly  with  a  photo- 
multiplier  tube  and  slit.18 

A  comparison  of  mass  spectrometric  re- 
sults with  the  optical  results  for  lead  is  shown 
in  Table  2.  The  scanning  Fabry-Perot  inter- 
ferometer was  used  with  the  lead  5201A  line 
for  normal  lead  and  4058A  line  for  the  en- 
riched samples. 

The  relative  abundance  of  the  mercury 
isotopes  was  determined  utilizing  the  Hg 
4046.6A  line  to  determine  the  Hg^/Hg201 
ratio.  With  this  ratio  known,  the  relative 
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TABLE  1.  RBPRODUCIBILITY  OP  URANIUM  ISOTOPIC  DETERMINATIONS  USING 
HOLLOW  CATHODE  EXCITATION 


Sample  A* 

Sample  B 

Normal  Uranium 

Trace 

No. 

%U*» 

Deviation 
from  Av  (») 

Trace 
No. 

%u» 

Deviation 
fromAv  (v) 

Trace 
No. 

%U»« 

Deviation 
from  Av  (v) 

1 

3.78 

0.06 

1 

6.99 

0.05 

1 

0.697 

0.003 

2 

3.72 

0.00 

2 

7.13 

0.09 

2 

0.673 

0.021 

3 

3.61 

0.09 

3 

7.13 

0.09 

3 

0.527 

0.167 

4 

3.77 

0.05 

4 

7.01 

0.03 

4 

0.842 

0.148 

5 

3.84 

0.12 

5 

7.07 

0.03 

5 

0.744 

0.050 

6 

3.72 

0.00 

6 

7.01 

0.03 

6 

0.824 

0.130 

7 

3.67 

0.05 

7 

6.93 

0.11 

7 

0.642 

0.052 

8 

3.72 

0.00 

8 

7.00 

0.06 

8 

0.602 

0.092 

9 

3.63 

0.19 

9 

7.19 

0.15 

10 

3.82 

0.10 

10 

6.91 

0.13 

Av  3.72 

0.066 

Av7.04 

0.073 

Av  0.694 

0.083 

3.72%  ±  0.02%" 

7.04%  =b  0.02%» 

0.694%  ±  0.025%b 

*  Sample  A  Was  a  Synthetic  Mixture  of  Uranium  Oxides  which  Was  Made  to  Contain  3.70%  Um. 
b  Calculated  According  to  the  Method  of  Least  Squares  r0  -  0.6745  \&*/n(n  —  I)]1/1  where  r0 
probable  error  in  average,  v  =  deviation  from  average,  and  n  =  number  of  traces. 


TABLE  2.  COMPARISON  OF  MASS  SPECTROMETRIC 

AND  OPTICAL  SPECTRO  GRAPHIC  RESULTS  LEAD 

ISOTOPE  ASSAY 


TABLE  3.  ISOTOPE  ASSAY  FOR  NORMAL  MERCURY 

COMPARISON  OF  OPTICAL  AND  MASS 

SPECTROMETRIC  RESULTS 


Pb*« 

(%) 

Pbioe 
(%) 

Pbsw 

(%) 

Pb»« 

(%) 

Normal 

Opt.  Spec.* 

52.35 

25.15 

1.35 

21.15 

Mass  Spec.b 

52.3 

24.8 

1.4 

21.5 

Enriched 

Opt.  Spec.c 

16.6 

64.9 

— 

18.4 

Pb'°« 

Mass  Spec.d 

16.55 

64.93 

0.172 

18.35 

Enriched 

Opt.  Spec.0 

87.0 

2.94 

— 

10.1 

Pb'os 

Mass  Spec.d 

87.97 

1.99 

0.069 

9.97 

Enriched 

Opt.  Spec.* 

30.6 

7.76 

— 

61.6 

Pb«07 

Mass  Spec.d 

31.9 

7.73 

— 

61.06 

>v        Isotope 

198 

199 

200 

201 

202 

204 

Method        \ 

Opt.  Spec. 
Mass  Spec. 

10.1 
10.1 

18.1 

17.0 

22.4 
23.3 

13.9 
13.2 

29.2 
29.6 

6.33 
6.70 

*  Optical  Spectroscopic  Values  by  Jean  Blaise16 
Using  the  Pbl  5201A  Line  (See  Figure  4). 

b  Nominal  Values  for  Normal  Lead  by  Ehren- 
burgh  as  Quoted  by  Steudel.*4 

c  Opt.  Spec.  Values  Using  Pb4058A  Line.' 

d  Mass  Spectrometric  Values  on  the  Same  Sam- 
ple Supplied  by  Stable  Isotope  and  Production 
Division,  Oak  Ridge  National  Laboratory,  Oak 
Ridge,  Tennessee. 

concentration  of  the  other  isotopes  was  de- 
termined using  the  Hg  2536.5A  line.  The 
isotopes  Hg202  and  Hg200  were  determined  di- 
rectly from  the  intensity  measurements.  In 
the  case  of  the  odd  isotopes  one  hyperfine 
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structure  component  was  measured  and  the 
total  intensity  calculated  using  theoretical 
intensity  relationships.  The  4046.6A  line  was 
scanned  directly,  photoelectrically  in  the 
fifth  order  of  the  30  ft.  spectrograph;  the 
2536.5A  line  in  the  tenth  order.  The  results 
for  normal  mercury  are  shown  in  Table  3. 

As  an  example  of  isotope  shift  in  molecular 
band  spectra  and  its  use  in  isotope  ratio  de- 
terminations, the  1 ,0  and  0 , 1  bands  of  CuCl 
E  system  excited  in  an  electrodeless  dis- 
charge tube  and  photographed  in  the  fifth 
order  of  the  Argonne  30  ft.  spectrograph  are 
shown  in  Figure  6.  The  vibrational  and  ro- 
tational shifts  are  apparent. 

The  intensity  of  the  band  heads  has  been 
measured  and  used  to  calculate  the  relative 
isotopic  abundances.  In  mixtures  of  isotopes 
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TABLE  4.   OPTICAL  AND  MASS  SPECTBOMBTEIC 
VALUES  FOB  NORMAL  COPPER  AND  CHLORINE 


(Courtesy  Argonne  National  Laboratory) 

FIG.  6.  Molecular  spectra  of  CuCl  for  (a)  0,1 
band  of  Cu«8Cl",  (b)  0,1  band  of  Cu«Cl«,  (c)  1,0 
band  Cu"Cl«8,  (d)  1,0  band  of  CuMCl«8.  In  a  mix- 
ture of  Cu85  and  Cu88,  the  0,1  band  intensity  is 
measured  when  the  Cu83  concentration  predomin- 
ates; the  0,1  band  when  Cu85  predominates. 

there  is  a  certain  amount  of  overlapping  of 
bands  which  in  cases  like  CuCl  limits  the 
number  of  isotopic  components  which  can 
be  determined  simultaneously  due  to  the 
complexity  of  the  spectrum.  In  normal  CuCl 
there  are  four  isotopes  present,  resulting  in 
the  superposition  of  the  bands  for  which  a 
correction  can  be  provided.  The  result  of 
such  an  analysis  for  normal  CuCl  is  shown 
in  Table  4. 

Broida  et  oZ.22'28  have  used  C2  and  N2 
bands  for  determination  of  carbon  and  nitro- 
gen isotopes,  respectively.  In  these  cases  there 
is  negligible  overlapping  of  the  band  heads. 

The  optical  method  of  isotope  assay  is 
possible  as  one  result  of  the  finest  efforts  in 
the  science  of  optics.  Where  the  grating  is 
the  high  resolution  component  of  the  system, 
the  burden  of  excellence  rests  with  the  ruling 
engine  and  its  expert  operation.  For  the  in- 
terferometer the  burden  is  shared  by  the 
skilled  optician  who  makes  the  plates  flat  to 
J^o^b-  wavelength  of  green  light  and  the  coat- 
ing expert  who  evaporates  several  alternate 
layers  of  materials  on  the  plates,  each  care- 
fully controlled  in  thickness. 

The  assays  discussed  were  chosen  as  repre- 
sentative of  the  optical  method  utilizing 
both  the  grating  and  the  interferometer  as 
the  high  resolution  instrument.  A  more  com- 
prehensive list  of  isotopes  already  deter- 
mined is  given  by  Brody  and  Tomkins.25 


Cu" 

Cu« 

Cl» 

a- 

Opt.  Spec. 
Mass  Spec.* 

30.7  ± 
0.2 
31.06 

69.3  =fc 
0.2 
68.94 

24.1  =fc 
0.1 
24.6 

75.9  =fc 
0.1 

75.4 

*  Nominal  Values  from  Landolt-B6nstein, 
Zahlenwerte  und  Funktionen;  1.  Band,  Atom-und 
Molekularphysik;  5.  Teil,  Atomkerne  und  Ele- 
mentarteilchen  Springer-Verlag,  Berlin,  Gottin- 
gen,  Heidelberg,  1952. 

However,  in  general  the  same  techniques 
can  be  applied  to  any  element  which  exhibits 
a  resolvable  isotope  shift  provided  the  hyper- 
fine  structure  is  small  or  completely  resolved. 
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MICROPHOTOMETERS  OR  MICRODENSITOM- 
ETERS 

In  attempting  to  make  any  kind  of  quan- 
titative measurement  in  photographic  spec- 
trochemical  analysis,  it  becomes  necessary 
to  measure  the  blackness  of  the  spectral 
lines  on  the  plate.  Usually  these  measure- 
ments involve  areas  of  the  emulsion  of  the 
order  of  5000  to  25,000  square  microns  (.005 
mm2  to  .025  mm2),  as  contrasted  to  the 
several  square  millimeters  measured  in 
normal  photographic  photometry,  hence 
the  appellation  microphotometer  or  "micro- 
densitometer".  Strictly  speaking,  however,  it 
would  be  more  appropriate  to  apply  the 
latter  term  only  to  instruments  that  record 
densities  directly.  In  addition,  because  a 
microphotometer  must  measure  a  small  area 
of  the  plate,  it  should  have  features  not  re- 
quired of  photometers  for  larger  areas,  par- 
ticularly: 

(1)  higher  sensitivity  and  greater  speed  in 
the  measuring  circuit; 

(2)  means  of  identifying  the  area  to  be 
measured; 

(3)  mechanical  means  of  aligning  the  line 
parallel  to  the  detector  slit; 

(4)  mechanical  means  for  moving  rapidly 
to  the  line  to  be  measured  and  then  for 
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scanning  slowly,  steadily,  and  reproducibly, 
to  obtain  the  same  deflection  (in  a  non- 
recording  instrument) ; 

(5)  means  of  eliminating  "scattered"  light. 

Optical  Systems 

Schwarzschild  and  Villiger1  discovered 
that  if  one  illuminated  a  larger  area  of 
emulsion  than  the  spectral  line  itself,  light 
scattered  from  adjacent  silver  grains  and 
from  optical  surfaces  could  result  in  a  trans- 
mission reading  higher  than  it  should  be. 
The  effect  is  detectable  for  dense  lines  only. 
A  line  that  should  show  a  transmission  read- 
ing of  0.1  %  may  indicate  1.5  %. 

The  Schwarzschild-Villiger  effect  has  two 
practical  results:  (1)  a  Hurter  and  Driffield 
characteristic  curve  of  density  plotted  as  a 
function  of  illumination  may  begin  to  show 
a  "shoulder"  at  a  density  of  perhaps  1.5 
(transmission  =  3.1%)  and  may  become 
completely  flat  above  1.8  (r=  1.6%).  (2) 
Lines  in  the  density  range  1.5  to  1.8  will 
have  a  variable  density,  depending  on  any 
variations  in  the  blackness  of  lines  in  the  sur- 
rounding illuminated  area.  A  little  care  in 
the  design  of  the  optics  will  reduce  the  effect 
to  the  point  where  the  shoulder  begins  at  1.8 
to  2.0  and  the  curve  levels  off  at  2.3  to  2.5. 
This  is  usually  adequate,  since  in  most  quan- 
titative spectrochemical  analysis  lines  are 
selected  to  have  transmissions  above  2.0  %, 
or  even  5  %,  merely  to  obtain  the  desired  1 
or  2%  in  reading  accuracy.  It  should  be 
remembered,  however,  that  because  of  the 
effect,  characteristic  curves  obtained  on  most 
commercial  microphotcmeters  will  not  match 
the  curves  shown  by  manufacturers  of  photo- 
graphic emulsions,  which  are  derived  from 
sensitometric  strips.  Such  photometric  meas- 
urements on  large  areas  of  emulsion  will  give 
straight  line  characteristic  curves  up  to 
densities  of  4  or  6. 

The  requirements  of  an  optical  system 
which  will  eliminate  the  Schwarzschild- 
Villiger  effect  tend  to  be  antithetical  to  the 
needs  for  a  system  to  view  a  large  area  of  the 
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plate  for  ready  identification  of  lines.  The 
following  systems  have  been  used. 

Simple  Plate  Projection.  A  large  area 
of  the  plate  is  illuminated  and  is  projected 
directly  on  a  viewing  screen  containing  a 
detector  slit  (Kg.  la).  While  such  systems 
suffer  badly  from  scattered  light  and  in  some 
instances  can  be  markedly  affected  also  by 
variations  in  the  level  of  room  illumination, 
these  effects  are  usually  of  little  handicap  so 
long  as  the  operator  restricts  his  measure- 
ments to  lines  in  the  transmission  range 
above  3  %,  which  is  good  practice  for  ade- 
quate precision.  In  addition,  lines  are  readily 
identified.  Bausch  &  Lomb,  Baird-Atomic, 
and  several  European  manufacturers  employ 
such  arrangements. 

Slit  Illumination.  A  straight  line  fila- 
ment is  projected  directly  on  the  plate,  at 
reduced  magnification,  say,  Jtf  o  size  (Kg. 
Ib).  The  filament  image  is  projected  directly 
onto  the  detector  slit,  or  (Kg.  Ic)  a  pre-slit 
with  opaque  jaws  is  projected  on  the  plate. 

System  (b)  permits  density  readings  to  3.0 
or  above.  It  is  used  in  the  Hilger  &  Watts 
and  Leeds  &  Northrup  instruments.  In  the 
Hilger,  the  operator  inserts  an  auxiliary  lens 
when  he  wishes  to  view  the  plate.  System 
(c),  if  the  slit  image  is  reduced  narrower  than 
the  width  of  the  spectrum  line,  will  give 
readings  to  densities  of  5.0  or  more.  It  was 
used  in  the  Moll  recording  densitometer  by 
Kipp  and  Zonen  and  has  been  supplied  by 
Jarrell-Ash  in  special  cases  requiring  high- 
density  readings. 

Filter  Jaw  Pre-slits.  Zeiss  and  Jarrell- 
Ash  have  utilized  modifications  of  the 
design  of  Kg.  Ic,  in  which  the  traditional 
opaque  jaws  were  replaced  by  jaws  of  colored 
filter  glass.  These  reduce  the  level  of  il- 
lumination of  the  surrounding  area  to  5  to 
15  %  of  the  line  illumination,  thus  reducing 
scattered  light  by  the  same  proportion.  A 
second  filter  complementary  to  the  first  can 
be  placed  behind  the  detector  slit,  still 
further  reducing  scattered  light.  National 
Spectrographic  Laboratories  has  utilized 


L        CEP 
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L  M  L&nxp;  F   ••  Lino  Filament;  C   *•   Condensing 

PJ3.  -  Pre-slit;  P>  -  Pre-slit  Projection  System;  B  -  1 

tion;  P  -  Projection  lens,  opaque  viewing;  S  -  Screen  and 
slit;  V  -  Translucent  viewing  screen. 

FIG.  1.  Optical  projection  systems  for  micro- 
photometers. 

(a)  Simple  projection. 

(b)  Line  filament  projected  on  emulsion. 

(c)  Pre-slit  projected  on  emulsion. 

(d)  Mirror  pre-slit  behind  emulsion. 

(e)  Slit  at  the  emulsion. 

crossed  Polaroid  filters  in  a  similar  arrange- 
ment, but  this  is  not  so  effective,  because  the 
scattered  light  is  depolarized. 

Slit  Mirror.  Jarrell-Ash  (Fig.  Id)  has 
used  a  40-50  micron  mirror  coated  on  the 
face  of  a  cemented  rhomb  just  below  the 
plate,  to  accept  only  the  light  from  the 
immediate  vicinity  of  the  line  for  the  meas- 
uring beam,  while  utilizing  all  of  the  il- 
lumination of  the  remainder  of  the  plate  for 
the  projected  screen  image. 

Slit  at  Emulsion.  Applied  Research  Lab- 
oratories has  used  a  scanning  slit  placed 
directly  behind  the  emulsion  as  a  means  of 
diverting  the  light  to  be  measured  (Fig.  le). 
The  slit  is  inserted  in  the  field  of  view  only 
when  a  line  is  actually  being  scanned.  At 
other  times  the  whole  field  of  view  is  pro- 
jected. The  arrangement  not  only  greatly 
reduces  the  Schwarzschild-Villiger  effect,  but 
also  results  in  a  slightly  steeper  slope  for  the 
characteristic  curve  because  the  measure- 
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ments  are  strictly  specular.  (Specular  densi- 
ties, obtained  by  measuring  the  transmitted 
light  within  only  a  few  degrees  from  the 
normal  to  the  surface,  are  appreciably  higher 
than  diffuse  densities,  obtained  by  measur- 
ing the  light  transmitted  throughout  a  wide 
cone  of  20  to  80°  from  the  normal.)  Since 
inserting  the  slit  obscures  the  field  of  view, 
the  line  to  be  scanned  is  first  brought  to  a 
fiducial  mark  on  the  projection  screen.  There 
are  practical  problems  to  this  optical  sys- 
tem, particularly  the  possibility  of  scratch- 
ing the  emulsion  and  the  difficulty  of  main- 
taining the  position  of  the  slit,  so  that  the 
line  being  measured  is  positively  identified. 

Measuring  Circuits 

As  in  all  photometric  instruments,  the 
measuring  circuit  of  a  microphotometer 
must  be  highly  stable.  The  operator  would 
like  to  be  able  to  set  his  "clear  plate"  reading 
to  100%  (or  0),  and  his  opaque  reading  to 
0%  (or  100),  and  feel  that  the  readings  will 
remain  constant  for  5  to  15  minutes  while  he 
measures  a  series  of  lines.  At  the  same  time, 
the  measuring  system  must  be  able  to  give 
full-scale  response  for  at  least  5000 'square 
microns  (a  slit  of,  say,  10  microns  X  0.5 
mm)  and  have  a  response  time  of  better  than 
2  seconds,  to  permit  reasonably  rapid  read- 
ings. With  the  improvement  in  photode- 
tectors,  measuring  circuits  have  improved  in 
performance,  but  increased  in  electronic 
complexity. 

Thermopile-Galvanometer.  Early  mi- 
crophotometers  were  forced  to  rely  on 
thermoelectric  detectors.  One  of  the  earliest 
commercial  microphotometers,  the  Moll2  of 
Elpp  and  Zonen,  used  a  vacuum  thermo- 
couple as  detector.  Because  of  its  low 
impedance,  the  thermocouple  had  to  be 
connected  directly  to  a  low-impedance  gal- 
vanometer. When  the  instrument  was  used 
as  a  recording  microphotometer,  the  gal- 
vanometer mirror  imaged  a  brightly  il- 
luminated spot  on  a  rotating  drum  carrying 
photographic  paper.  The  thermocouple  had 
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disadvantages.  High  sensitivity  and  rapid 
response  were  difficult  to  achieve  simultane- 
ously. The  thermopile  was  temperature- 
sensitive,  and  since  it  responded  to  all  wave- 
lengths, it  required  either  a  filter  or  highly 
corrected  optics  to  obtain  definition  and 
resolution.  The  photographic  paper  was  also 
slow  and  inconvenient. 

Barrier  Layer  Photocell-Galvanome- 
ter. The  barrier  layer  photocell  was  insen- 
sitive to  temperature.  It  permitted  better 
sensitivity  and  more  rapid  response,  and  it 
was  more  rugged.  Because  of  its  higher  im- 
pedance, a  less  sensitive  and  faster  taut 
suspension  galvanometer  could  be  used.  A 
potentiometer  used  as  an  Ayrtron  shunt  per- 
mitted the  full  scale  deflection  to  be  set. 

In  the  early  Hilger,  Bausch  &  Lomb,  and 
Zeiss  microphotometers  the  galvanometer 
deflection  was  measured  by  a  projected  spot 
moving  along  a  500-mm  scale.  This  meant 
that  the  operator  had  to  shift  his  position  as 
the  galvanometer  deflected,  to  avoid  paral- 
lax. Zeiss,  Hilger,  Jarrell-Ash,  Applied  Re- 
search Laboratories,  and  National  Spectro- 
graphic  Laboratories  later  utilized  a  system 
which  effectively  projected  a  moving  milli- 
meter scale  across  a  fixed  fiducial  mark  on  a 
viewing  screen. 

Phototube-Amplifier.  Barrier  layer  pho- 
tocells have  too  low  an  impedance  to  permit 
amplification.  In  its  early  instruments  Ap- 
plied Research  Laboratories  used  a  photo- 
tube, amplifier,  and  meter  circuit.  In  later 
instruments  the  meter  was  replaced  by  the 
projected  galvanometer  scale  mentioned 
above.  In  the  recording  microphotometer 
designed  by  Rnorr  and  Albers8  and  built  by 
Leeds  &  Northrup,  a  phototube  and  stabil- 
ized amplifier  actuated  a  Speedomax  strip 
chart  recorder,  to  give  the  first  directly- 
inked  microphotometer  tracing.  Later  Jar- 
rell-Ash  Company  utilized  a  multiplier 
phototube,  in  a  circuit  compensated  against 
voltage  fluctuations  by  a  second  photomul- 
tiplier  viewing  the  lamp  directly,  in  their 
recording  microphotometer.  A  similar  circuit 
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was  later  applied  to  their  non-recording 
instrument,  driving  a  servo-head  that  car- 
ries a  scale  which  is  projected  on  the  viewing 
screen,  eliminating  the  galvanometer.  In  a 
"Scalock"  arrangement,  the  servo-head  can 
be  arrested  at  its  minimum  deflection,  reliev- 
ing the  operator  of  the  necessity  for  con- 
stantly observing  the  fast-moving  scale.  A 
similar  servo  system  is  now  being  used  by 
Applied  Research  Laboratories. 

"Null"  Circuits.  The  early  Baird- 
Atomic  microphotometer  employed  a  null 
circuit.  The  line  was  scanned  across  the  slit 
until  a  minimum  deflection  was  obtained.  A 
variable-density  wedge  in  a  reference  optical 
path  was  then  adjusted  until  the  current  at 
minimum  deflection  was  exactly  matched. 
The  reading  of  the  scale  of  the  wedge  gave 
the  density  directly.  The  arrangement,  while 
theoretically  sound  from  the  standpoint  of 
electronic  stability,  proved  too  cumbersome 
and  slow  in  actual  operation  because  of  the 
dual  manipulation  required  for  each  reading. 
The  circuit  has  since  been  mechanized,  so 
that  the  operator  merely  scans  across  the 
line,  as  in  equivalent  instruments. 

Scale  Readings 

In  every  microphotometer  measurement, 
although  only  one  reading  is  actually  tabu- 
lated, three  others  are  implied,  as  indicated 
by  the  equation 


/o      DIOO  -  Do 

where  Jo  represents  the  illumination  on  the 
detector  slit  without  the  line,  /  with  the  line, 
and  DI  ,  Do  and  Aoo  represent  the  scale 
readings,  respectively,  for  the  line,  for  com- 
plete opacity,  and  for  "clear  plate".  If  the 
microphotometer  is  stable  to  0.1  or  0.2% 
over  the  period  of  reading,  the  operator  as- 
sumes that  DIOO  and  D0  remain  constant. 
He  should  always  adjust  the  clear  plate  and 
zero  readings  just  before  starting  a  series  of 
measurements,  and  check  the  settings  after 
finishing.  The  clear  plate  reading  is  some- 


times taken  at  a  portion  of  the  plate  which 
was  completely  masked,  but  preferably  it 
should  be  at  a  spot  which  typifies  the  general 
fog  level  of  the  plate,  exclusive  of  spectral 
background. 

Characteristic  Curve  of  a  Photographic 
Emulsion 

All  photographic  work  depends  on  the 
fact  that  a  developed  image  becomes  propor- 
tionately blackened  at  the  areas  that  have 
received  the  greatest  illumination.  In  spec- 
trochemical  analysis,  the  response  of  the 
photographic  emulsion  must  be  determined 
quantitatively,  since  we  hope  to  measure  the 
relative  intensities  of  analytical  and  internal 
standard  lines  to  a  precision  approaching 
1%.  This  requires  the  calibration  of  the 
emulsion  for  the  wavelengths  being  used, 
from  measurements  on  an  exposure  taken 
through  a  stepped  sector,  stepped  filter  or 
other  device  which  varies  the  intensity  of  the 
light  incident  to  the  emulsion  in  a  precisely 
known  way. 

Typical  readings,  obtained  from  an  ex- 
posure through  a  stepped  sector  with  a  2:1 
ratio  (each  successive  step  transmits  twice 
as  much  light  as  the  preceding  step),  are 
shown  in  Table  1  and  are  plotted  in  Fig.  2. 
Before  starting  the  readings,  the  micro- 
photometer  scale  was  set  to  zero  when  the 
light  path  was  completely  obstructed  and  to 
100  for  a  clear  area  of  the  emulsion.  Four 
different  methods  of  plotting  a  characteristic 

TABLE  1.  METHODS  OP  PLOTTING 
A  CHABACTEBISTIC  CUEVE 


Deflection 
D 

w 

Density 
Lo  f100^ 

Black- 
ening 
(B) 
100  -D 

Seidel  (S) 
Log 

-log  D 

95.0 

1.05 

.012 

5.0 

8.70-10.0 

1.99 

80.1 

1,25 

.10 

19.9 

9.40-10.0 

1.90 

47.8 

2.09 

.32 

52.2 

0.04 

1.68 

19.1 

5.24 

.72 

80.9 

0.63 

1.28 

4.6 

21.7 

1.34 

95.4 

1.32 

0.66 

1.02 

98 

1.99 

99.0 

1.99 
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ments  are  strictly  specular.  (Specular  densi- 
ties, obtained  by  measuring  the  transmitted 
light  within  only  a  few  degrees  from  the 
normal  to  the  surface,  are  appreciably  higher 
than  diffuse  densities,  obtained  by  measur- 
ing the  light  transmitted  throughout  a  wide 
cone  of  20  to  80°  from  the  normal.)  Since 
inserting  the  slit  obscures  the  field  of  view, 
the  line  to  be  scanned  is  first  brought  to  a 
fiducial  mark  on  the  projection  screen.  There 
are  practical  problems  to  this  optical  sys- 
tem, particularly  the  possibility  of  scratch- 
ing the  emulsion  and  the  difficulty  of  main- 
taining the  position  of  the  slit,  so  that  the 
line  being  measured  is  positively  identified. 

Measuring  Circuits 

As  in  all  photometric  instruments,  the 
measuring  circuit  of  a  microphotometer 
must  be  highly  stable.  The  operator  would 
like  to  be  able  to  set  his  "clear  plate"  reading 
to  100%  (or  0),  and  his  opaque  reading  to 
0%  (or  100),  and  feel  that  the  readings  will 
remain  constant  for  5  to  15  minutes  while  he 
measures  a  series  of  lines.  At  the  same  time, 
the  measuring  system  must  be  able  to  give 
full-scale  response  for  at  least  5000 'square 
microns  (a  slit  of,  say,  10  microns  X  0.5 
mm)  and  have  a  response  time  of  better  than 
2  seconds,  to  permit  reasonably  rapid  read- 
ings. With  the  improvement  in  photode- 
tectors,  measuring  circuits  have  improved  in 
performance,  but  increased  in  electronic 
complexity. 

Thermopile-Galvanometer.  Early  mi- 
crophotometers  were  forced  to  rely  on 
thermoelectric  detectors.  One  of  the  earliest 
commercial  microphotometers,  the  Moll2  of 
Kipp  and  Zonen,  used  a  vacuum  thermo- 
couple as  detector.  Because  of  its  low 
impedance,  the  thermocouple  had  to  be 
connected  directly  to  a  low-impedance  gal- 
vanometer. When  the  instrument  was  used 
as  a  recording  microphotometer,  the  gal- 
vanometer mirror  imaged  a  brightly  il- 
luminated spot  on  a  rotating  drum  carrying 
photographic  paper.  The  thermocouple  had 
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disadvantages.  High  sensitivity  and  rapid 
response  were  difficult  to  achieve  simultane- 
ously. The  thermopile  was  temperature- 
sensitive,  and  since  it  responded  to  all  wave- 
lengths, it  required  either  a  filter  or  highly 
corrected  optics  to  obtain  definition  and 
resolution.  The  photographic  paper  was  also 
slow  and  inconvenient. 

Barrier  Layer  Photocell-Galvanome- 
ter. The  barrier  layer  photocell  was  insen- 
sitive to  temperature.  It  permitted  better 
sensitivity  and  more  rapid  response,  and  it 
was  more  rugged.  Because  of  its  higher  im- 
pedance, a  less  sensitive  and  faster  taut 
suspension  galvanometer  could  be  used.  A 
potentiometer  used  as  an  Ayrtron  shunt  per- 
mitted the  full  scale  deflection  to  be  set. 

In  the  early  Hilger,  Bausch  &  Lomb,  and 
Zeiss  microphotometers  the  galvanometer 
deflection  was  measured  by  a  projected  spot 
moving  along  a  500-mm  scale.  This  meant 
that  the  operator  had  to  shift  his  position  as 
the  galvanometer  deflected,  to  avoid  paral- 
lax. Zeiss,  Hilger,  Jarrell-Ash,  Applied  Re- 
search Laboratories,  and  National  Spectro- 
graphic  Laboratories  later  utilized  a  system 
which  effectively  projected  a  moving  milli- 
meter scale  across  a  fixed  fiducial  mark  on  a 
viewing  screen. 

Phototube-Amplifier.  Barrier  layer  pho- 
tocells have  too  low  an  impedance  to  permit 
amplification.  In  its  early  instruments  Ap- 
plied Research  Laboratories  used  a  photo- 
tube, amplifier,  and  meter  circuit.  In  later 
instruments  the  meter  was  replaced  by  the 
projected  galvanometer  scale  mentioned 
above.  In  the  recording  microphotometer 
designed  by  Knorr  and  Albers8  and  built  by 
Leeds  &  Northrup,  a  phototube  and  stabil- 
ized amplifier  actuated  a  Speedomax  strip 
chart  recorder,  to  give  the  first  directly- 
inked  microphotometer  tracing.  Later  Jar- 
rell-Ash Company  utilized  a  multiplier 
phototube,  in  a  circuit  compensated  against 
voltage  fluctuations  by  a  second  photomul- 
tiplier  viewing  the  lamp  directly,  in  their 
recording  microphotometer.  A  similar  circuit 
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was  later  applied  to  their  non-recording 
instrument,  driving  a  servo-head  that  car- 
ries a  scale  which  is  projected  on  the  viewing 
screen,  eliminating  the  galvanometer.  In  a 
"Scalock"  arrangement,  the  servo-head  can 
be  arrested  at  its  minimum  deflection,  reliev- 
ing the  operator  of  the  necessity  for  con- 
stantly observing  the  fast-moving  scale.  A 
similar  servo  system  is  now  being  used  by 
Applied  Research  Laboratories. 

"Null"  Circuits.  The  early  Baird- 
Atomic  microphotometer  employed  a  null 
circuit.  The  line  was  scanned  across  the  slit 
until  a  minimum  deflection  was  obtained.  A 
variable-density  wedge  in  a  reference  optical 
path  was  then  adjusted  until  the  current  at 
minimum  deflection  was  exactly  matched. 
The  reading  of  the  scale  of  the  wedge  gave 
the  density  directly.  The  arrangement,  while 
theoretically  sound  from  the  standpoint  of 
electronic  stability,  proved  too  cumbersome 
and  slow  in  actual  operation  because  of  the 
dual  manipulation  required  for  each  reading. 
The  circuit  has  since  been  mechanized,  so 
that  the  operator  merely  scans  across  the 
line,  as  in  equivalent  instruments. 

Scale  Readings 

In  every  microphotometer  measurement, 
although  only  one  reading  is  actually  tabu- 
lated, three  others  are  implied,  as  indicated 
by  the  equation 

/      A  -  Do 


_ 
/o      jDioo  -  Do 

where  JQ  represents  the  illumination  on  the 
detector  slit  without  the  line,  J  with  the  line, 
and  DI  ,  jD0  and  Aoo  represent  the  scale 
readings,  respectively,  for  the  line,  for  com- 
plete opacity,  and  for  "clear  plate".  If  the 
microphotometer  is  stable  to  0.1  or  0.2% 
over  the  period  of  reading,  the  operator  as- 
sumes that  Dioo  and  Do  remain  constant. 
He  should  always  adjust  the  clear  plate  and 
zero  readings  just  before  starting  a  series  of 
measurements,  and  check  the  settings  after 
finishing.  The  clear  plate  reading  is  some- 


times taken  at  a  portion  of  the  plate  which 
was  completely  masked,  but  preferably  it 
should  be  at  a  spot  which  typifies  the  general 
fog  level  of  the  plate,  exclusive  of  spectral 
background. 

Characteristic  Curve  of  a  Photographic 
Emulsion 

All  photographic  work  depends  on  the 
fact  that  a  developed  image  becomes  propor- 
tionately blackened  at  the  areas  that  have 
received  the  greatest  illumination.  In  spec- 
trochemical  analysis,  the  response  of  the 
photographic  emulsion  must  be  determined 
quantitatively,  since  we  hope  to  measure  the 
relative  intensities  of  analytical  and  internal 
standard  lines  to  a  precision  approaching 
1%.  This  requires  the  calibration  of  the 
emulsion  for  the  wavelengths  being  used, 
from  measurements  on  an  exposure  taken 
through  a  stepped  sector,  stepped  filter  or 
other  device  which  varies  the  intensity  of  the 
light  incident  to  the  emulsion  in  a  precisely 
known  way. 

Typical  readings,  obtained  from  an  ex- 
posure through  a  stepped  sector  with  a  2:1 
ratio  (each  successive  step  transmits  twice 
as  much  light  as  the  preceding  step),  are 
shown  in  Table  1  and  are  plotted  in  Fig.  2. 
Before  starting  the  readings,  the  micro- 
photometer  scale  was  set  to  zero  when  the 
light  path  was  completely  obstructed  and  to 
100  for  a  clear  area  of  the  emulsion.  Pour 
different  methods  of  plotting  a  characteristic 

TABLE  1.  METHODS  OP  PLOTTING 
A  CHARACTERISTIC  CURVE 


Deflection 
D 

w 

Density 
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Black- 
ening 
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FIG.  2.  Methods  of  plotting  the  response  of  the 
photographic  emulsion. 

curve  have  been  used.  These  are  shown  in 
Kg.  2  and  are  described  briefly  below: 

Density.  The  density  is  defined  as  log 
(«fo/J),  that  is,  the  logarithm  of  the  ratio 
obtained  by  dividing  the  incident  light  by 
the  light  transmitted  by  the  line.  This  is 
obviously  measured  by  log  Diw/D  =  log 
100  -  log  D  =  2  -  log  D.  The  plot  of 
density  against  log  7,  where  I  represents  the 
intensity  of  the  light  used  in  the  original 
exposure,  produces  the  classical  Hurter  and 
Driffield  curve  used  in  photographic  pho- 
tometry (Kg.  2,  a).  Unfortunately,  the  plot  is 
highly  curved  at  the  region  of  light  lines, 
which  makes  it  difficult  to  use  for  trace 
elements.  Another  disadvantage  is  that  D 
can  be  plotted  directly  on  semilogarithmic 
paper  only  if  the  paper  is  turned  upside 
down. 

Blackening.  The  blackening  is  simply  a 
direct  plot  of  the  deflection,  on  a  linear  scale, 
against  log  /  (Kg.  2,  b).  In  this  instance, 
however,  the  microphotometer  scale  is  re- 
versed, so  that  the  clear  plate  reading  is  zero 
and  complete  opacity  reads  100.  This  gives 
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directly  the  readings  shown  in  Column  (4)  of 
Table  1.  This  function  has  been  preferred  by 
B.  F.  Scribner  of  the  Bureau  of  Standards 
and  by  Sawyer  and  Vincent  of  University  of 
Michigan  because  it  makes  it  easier  to 
instruct  technicians  in  routine  work,  since 
the  reading  increases  with  concentration. 
However,  there  is  really  no  straight  line 
portion  to  the  curve. 

The  Seidel  Function.  The  Seidel4. func- 
tion is  defined  as  log  ((1/T)  -  1)  =  .log 
((Aoo/J5)  —  !)•  When  this  function.  •  is 
plotted  against  log  /  (Kg.  2,  c),  the  straight 
line  section  continues  to  much  higher  values 
of  D,  where  the  classical  density  function 
develops  a  severe  "toe".  The  Seidel  function 
is  clearly  superior  for  trace  element  work. 

Negative  Density  or  Seidel.  To  obtain 
the  traditional  Hurter  and  Driffield  or 
Seidel  functions  requires  plotting  D  on  a 
reverse  logarithmic  cycle.  Since  this  involves 
turning  normal  graph  paper  upside  down,  it 
is  common  to  plot  D  downward,  i.e.,  —  log  D 
(Kg.  2,  d).  This  method  of  plotting  leads  to 
curves  which  are  the  mirror  images  of  the 
Hurter  and  Driffield  or  Seidel  curves. 

The  recent  trend  is  toward  use  of  the  nega- 
tive Seidel  function  as  most  convenient  and 
best  adaptable  to  the  measurement  of  light 
lines.  For  an  exhaustive  treatment  of  photo- 
metric data  reduction  the  reader  is  referred 
to  the  article  by  C.  Feldman,  reference  5. 

It  is  possible  to  graduate  the  scale  of  the 
microphotometer  to  read  any  of  these  func- 
tions directly,  but  there  seems  little  point  to 
this,  since  the  same  curve  is  obtained  if  the 
appropriate  graph  paper  or  calculating  board 
scale  is  employed  to  plot  the  deflections. 
Most  operators  find  a  linear  scale  easier  to 
read  quickly. 

Non-recording   and   Recording  Micro- 
photometers 

Many  microphotometers  are  used  ex- 
clusively for  quantitative  measurements, 
scanning  only  the  lines  of  interest  to  deter- 
mine the  TrnrnrmiTn  deflection.  The  me- 
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chanical  motions  required  in  such  a  "spot- 
ting" or  non-recording  microphotometer  are: 

(1)  a  rotation  or  tilt  adjustment  to  align 
the  spectrum  lines  parallel  with  the  detector 
slit; 

(2)  rapid  transverse  movement  from  spec- 
trum to  spectrum; 

(3)  rapid  longitudinal  motion  along  the 
spectrum  to  the  desired  line; 

(4)  a  slow,  steady  scan  across  the  line. 
In   a    recording    microphotometer,    the 

latter  two  motions  are  combined  into  one 
and  motorized.  A  range  of  speeds  from  about 
0.05  mm  to  25  mm/minute  is  normally 
provided;  the  most  useful  speed  is  normally 
0.25  mm/minute.  Paper  speeds  of  1  to  4*/ 
minute  are  common  for  the  recorder.  Re- 
cording microphotometers  are  used  if  it  is 
necessary  to  determine  the  relative  density 
and,  sometimes,  the  spacing  of  many  lines  in 
a  spectrum,  or  if  background  corrections  or 
line  contours  are  important. 

Comparator  Microphotometers 

Applied  Research  Laboratories  first  intro- 
duced a  combined  comparator-micropho- 
tometer,  which  permitted  not  only  quantita- 
tive measurements  but  also  projected  a 
reference  spectrum  beside  the  unknown,  for 
qualitative  analysis,  or  merely  for  ease  in 
identifying  the  lines  to  be  measured  in 
quantitative  work.  Jarrell-Ash,  National 
Spectrographic  Laboratories,  Hilger  & 
Watts,  and  Optica  now  make  such  combina- 
tion instruments.  Figure  3  is  typical. 

Comparators 

For  qualitative  analysis  only,  Hilger  & 
Watts  has  supplied  for  many  years  the 
Judd  Lewis  Comparator,  a  device  for  hold- 
ing and  i11ii.TniTmt.ing  an  unknown,  and 
reference  plate,  with  a  comparator  micro- 
scope for  examining  the  two  images  side  by 
side  at  10  X  magnification. 

Hilger  &  Watts,  Jarrell-Ash,  National 
Spectrographic  Laboratories,  and  Steinheil 


(Courtesy  ofJarrett  and  Company) 

FIG.  3.  A  typical  comparator  microphotometer. 

manufacture  double  projectors  for  qualita- 
tive or  visual  quantitative  analysis  only. 

Measuring  Microscopes 

The  best  commercial  microphotometers 
have  a  precision  of  linear  measurement  good 
only  to  20  or  30  microns.  For  precise  wave- 
length determinations,  a  precision  of  at  least 
1,  or  even  0.1,  micron  is  required.  Such 
precision  is  obtained  only  with  a  measuring 
microscope.  Such  instruments  are  manu- 
factured by  Gaertner  Scientific  Corporation, 
D.  W.  Mann,  PaulMcPherson  and  Hilger  & 
Watts. 

Line  Widths 

Because  of  the  restricted  latitude  of  photo- 
graphic emulsions  and  self-reversal  of  the 
lines  in  the  source  itself,  a  single  spectrum 
line  can  scarcely  be  used  over  a  concentra- 
tion range  greater  than  600  or  1000.  In  some 
analytical  work,  as  in  mineralogy,  it  may  be 
desirable  to  cover  a  wider  concentration 
range.  Junkes  and  Salpeter6  have  worked  out 
a  technique  dependent  on  effective  line 
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width,  which  covers  a  much  greater  concen- 
tration range. 
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R.  F.  JABRELL 

MICROPHOTOMETRY:  APPLICATION  TO 
QUANTITATIVE  SPEaROCHEMICAL 
ANALYSIS 

In  quantitative  emission  Spectrochemical 
analysis,  the  chemical  concentration  of  a 
given  element  is  determined  by  measuring 
the  intensity  of  one  of  its  spectral  lines  rela- 
tive to  the  intensity  of  a  line  of  the  "internal 
standard"  element.  The  latter  is  an  element 
which  is  present  in  the  same  concentration 
in  all  samples  and  standards.  This  intensity 
ratio  is  then  converted  to  a  concentration 
figure  with  the  aid  of  an  analytical  curve 
previously  prepared  from  synthetic  or  ana- 
lyzed samples.  When  the  spectrum  is  ob- 
served photographically,  the  intensity  ratio 
is  measured  with  a  microphotometer  or 
"densitometer,"  which  is  capable  of  meas- 
uring the  per  cent  transmittance  (%T)  of 
very  small  areas  of  photographic  film  (e.g. 
10-20M  X  0.6-2.0  mm).  Since  the  relation- 
ship between  the  %T  of  a  developed  image 
and  the  average  line  intensity  which  pro- 
duced it  is  very  complicated,  it  is  necessary 
to  prepare  an  empirical  "calibration  curve"; 
i.e.  to  measure  the  transmittance  of  the  de- 
veloped film  after  its  exposure  to  a  set  of 
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light  signals  of  known  relative  intensity  for 
a  fixed  period  of  time.  This  calibration  curve 
is  then  used  to  convert  %T  readings  made 
with  a  microphotometer  into  intensity  or  log 
intensity  values,  which  are  related  directly 
to  chemical  concentrations. 

The  shape  of  the  calibration  curve  depends 
on  the  properties  of  the  emulsion  itself,  in- 
cluding its  age  and  history  before  exposure. 
It  is  also  affected  to  various  degrees  by  the 
wavelength  of  light  used,  the  duration  and 
intermittency  of  exposure,  the  conditions  of 
photographic  development  and  the  slit-width 
and  general  optical  design  of  both  the  spec- 
trograph  and  the  microphotometer.  An  in- 
tensity ratio  obtained  by  referring  measured 
%T  values  to  such  a  curve  is  accurate  only 
if  the  sample  spectrogram  was  produced  and 
measured  with  the  same  instruments,  pro- 
cedures and  materials  as  were  used  to  pro- 
duce the  calibration  curve. 

Techniques  of  Emulsion  Calibration 

The  most  direct  approach  to  this  problem 
is  the  use  of  a  stepped  intensity  reducer 
(usually  a  stepped  evaporated  metal-on- 
quartz  filter  or  rotating  stepped-sector  wheel; 
see  Figure  1)  at  the  stigmatic  position  of  the 
spectrograph  or,  if  physically  possible,  im- 
mediately in  front  of  the  plate  or  film.  The 
spectrum  of  a  light  source  having  low  spec- 
tral background,  such  as  an  iron  arc,  is  pho- 
tographed througjh  this  reducer.  In  the  re- 
sulting spectrogram,  each  spectral  line  shows 
a  stepwise  variation  of  %T  along  its  length. 
The  %T  of  each  step  of  a  given  line  is  meas- 
ured with  a  microphotometer.  Some  function 
of  %T  (usually  optical  density  D  or  Baker- 
Sampson  (Seidel)  function  A,  where  D  — 
2  -  log  %T  or  A  -  log[(100/%r)  -  1]  is 
then  plotted  against  the  known  relative 
transmittance  of  the  corresponding  step  of 
the  intensity  reducer.  This  method  is  illus- 
trated in  Figure  2,  using  optical  density  D.  • 

The  use  of  this  approach  involves  several 
practical  disadvantages,  however.  It  is  diffi- 
cult to  achieve  the  necessary  vertical  uni- 
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formity  of  illumination  over  the  entire 
height  of  a  five-step  reducer.  In  addition, 
there  is  no  objective  way  to  average  the  re- 
sults of  several  exposures  when  this  method 
is  used,  so  that  the  calibration  curves  ob- 
tained may  not  accurately  represent  the 
average  response  of  the  system  at  all  den- 
sity levels. 

These  difficulties  have  given  rise  to  the 
"preliminary  curve"  approach,  which  goes 
far  toward  solving  both  of  them.  In  this  case, 
exposures  are  made  through  an  intensity  re- 
ducer which  has  only  two  steps;  vertical  uni- 
formity of  illumination  is  thus  more  easily 
attained.  Several  exposures  are  made  at  vari- 
ous intensity  levels.  In  each  of  the  resulting 
spectrograms,  each  line  has  a  "weak"  and  a 
"strong"  step.  Some  function  of  the  %T 
reading  for  the  weak  step  of  a  given  line  is 
then  plotted  against  the  same  function  for 
the  strong  step.  Pairs  of  readings  for  a  given 
spectral  line  obtained  from  separate  expo- 
sures may  be  plotted  on  a  common  graph  to 
give  the  "preliminary  curve";  in  fact,  the 
data  usually  can  be  included  from  all  lines 
over  a  narrow  (^100  A)  spectral  range.  It 
has  been  found  empirically  that  when  the 
function  used  is  the  Baker-Sampson  (Seidel) 
function  A  -  log[(100/%r)  -  1],  the  pre- 
liminary curve  is  a  straight  line;  its  most 
probable  slope  and  intercept  can  thus  be 
calculated  by  statistical  methods.  (This  is 
not  the  case  when  %T  itself  or  D  =  2  - 
log  %T  is  used.)  In  the  preliminary  curve 
illustrated  in  Figure  3,  the  ordinate  and  ab- 
scissa scales  are  proportional  to  A  but  have 
been  calibrated  in  terms  of  %T  to  avoid  the 
necessity  for  calculating  a  A  value  for  each 
observed  %T.  Point  1  in  Figure  3  represents 
a  spectral  line  image  which  gave  transmit- 
tance  readings  of  36%27  and  12%T  on  its 
weak  and  strong  steps,  respectively. 

To  construct  the  calibration  curve,  a  point 
near  the  upper  end  of  the  preliminary  curve 
(e.g.  point  A)  is  selected  arbitrarily.  The  %T 
values  shown  for  this  point  on  the  "A  weak" 
and  "A  strong"  axes  (25  %T  and  6.5  %T  in 
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this  case)  are  noted.  On  a  separate  plot  of 
%T  vs.  log  relative  (spectral  line)  intensity, 
the  %T  value  read  on  the  "A  strong"  axis  is 
plotted  at  an  arbitrary  point  at  the  right  side. 
The  %T  value  read  on  the  "A  weak"  axis  is 
then  plotted  to  the  left  of  the  first  point,  at 
a  distance  equal  to  the  logarithm  of  the  step 
ratio  of  the  intensity  reducer  used  (see  Fig- 
ure 4).  In  this  case,  the  step  ratio  is  assumed 
to  be  2.00. 

Going  back  to  the  preliminary  curve,  the 
process  is  now  repeated;  the  "A  weak"  value 
just  used  now  is  regarded  as  the  "A  strong" 
of  a  new  pair.  This  value  (25  %T)  is  located 
on  the  "A  strong"  axis,  followed  to  the  pre- 
liminary curve  (point  B)  and  a  correspond- 
ing new  "A  weak"  (61  %T  in  this  case)  lo- 
cated on  the  "A  weak"  axis.  This  %T  value 
is  now  plotted  at  a  similar  interval  to  the 
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left  of  the  previous  one.  The  process  is  con- 
tinued until  the  %T  scale  has  been  covered. 
The  dotted  line  in  Figure  3  shows  the  graphi- 
cal equivalent  of  this  procedure.  The  result 
is  a  calibration  curve  which  describes  the 
response  of  a  given  spectrograph-micro- 
photometer  pair  to  a  given  emulsion  at  a 
given  wavelength.  If  desired,  the  calibration 
curve  can  be  converted  into  a  "ruler"  for 
reading  relative  intensity  directly  from  the 
chart  of  a  recording  microphotometer. 

In  practice,  it  is  often  necessary  to  meas- 
ure and  correct  for  spectral  background  be- 
fore calculating  line  intensity  ratios,  espe- 
cially when  line/background  ratios  are  low 


Detailed  procedures  for  using  micropho- 
tometers  in  spectrochemical  analysis  may  be 
obtained  from  Method  E-116-56T  in  the 
book  "Methods  for  Emission  Spectrochemi- 
cal Analysis,"  published  by  Committee  E-2 
of  the  American  Society  for  Testing  Mate- 
rials, Philadelphia,  Pennsylvania,  (1957). 
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MODERN  SPECTROGRAPHS  AND  DIRECT 
READER  SPECTROMETERS* 

When  a  sample  of  material  is  properly  ex- 
cited by  an  electrical  spark  or  arc,  each  ele- 
ment comprising  the  sample  emits  certain 
specific  predictable  wavelengths  of  light. 
Emission  spectrochemical  instruments  detect 
these  wavelengths  of  light  for  the  elements 
of  interest  and  by  measurement  of  the  in- 
tensity determine  the  per  cent  concentration 
of  the  elements  in  the  sample. 

The  diagram  (Figure  1)  illustrates  this 
principle  of  operation.  The  light  emitted 
from  the  sample  enters  the  instrument 
through  a  narrow  vertical  slit.  The  3-meter 
concave  grating  separates  the  light  by  re- 
flecting each  wavelength  at  a  different  angle. 
This  light  is  brought  to  focus  at  the  focal 
curve  as  a  spectrum  line.  The  spectrum  lines 
can  be  measured  photographically  or  by  elec- 
tronic means  using  photomultiplier  tubes. 
Spectrographs  employ  the  photographic 
techniques.  Direct  reading  spectrometers  em- 
ploy photomultiplier  tubes. 

The  Spectrograph.  The  photographic 
technique  is  inherently  more  versatile  than 
direct  reading,  whereas  the  latter  is  faster 
and  more  precise. 

The  photographic  plate  of  the  spectro- 
graph  records  all  the  spectrum  lines  emitted 
(within  range  of  the  photographic  emulsion 
and  wavelength  setting).  The  locations  of  the 
spectrum  lines  indicate  which  elements  are 
present  in  the  sample.  Thus,  contaminating 
elements  or  specimens  of  unknown  material 
may  be  quickly  identified.  Quantitative  anal- 
ysis involves  measurement  of  the  optical 
intensity  of  the  spectrum  lines  of  interest. 
About  30  minutes  is  usually  required  for  a 
quantitative  analysis  of  about  5  elements 
(from  excitation  of  the  sample  to  reporting 
results).  The  time  per  sample  can  be  reduced 
by  accumulating  samples  and  analyzing 
many  on  one  photographic  plate  or  film. 

*  Compiled  from  materials  supplied  by  Baird- 
Atomic. 


Typical  of  modern  instrumentation,  Fig- 
ure 2  illustrates  the  Baird-Atomic  spectro- 
graph  which  employs  a  concave  grating  of 
3-meter  focal  length  in  a  modified  Eagle 
mounting.  In  1882  Rowland  demonstrated 
the  formation  of  high  quality  spectra  by 
positioning  the  entrance  slit,  concave  grating 
and  photographic  plate  on  the  circumference 
of  a  circle  with  a  diameter  equal  to  the  radius 
of  curvature  of  the  grating.  In  the  Eagle 
mounting  (1910)  the  slit  and  plateholder 
are  maintained  at  a  fixed  position  relative 
to  one  another  on  the  Rowland  circle.  To 
bring  the  various  regions  and  orders  of  the 
spectrum  onto  the  plate,  the  grating  is  ro- 
tated and  moved  toward  or  away  from  the 
slit  which  has  the  effect  of  rotating  the  Row- 
land circle  about  the  slit  axis.  The  plate- 
holder  must  be  rotated  about  the  slit  axis  in 
order  to  remain  on  the  Rowland  circle.  Since 
the  plateholder  is  close  to  the  slit  the  angles 
of  incidence  and  diffraction  are  nearly  equal, 
the  necessary  condition  for  minimum  aber- 
ration and  Tna.TJTYniTn  spectral  definition. 

Direct  Reader  Spectrometer.  Figure  1 
also  shows  the  arrangement  of  instrumental 
components  for  direct  reading  analysis.  In 
direct  reading  analysis,  photomultiplier  tubes 
are  used  to  measure  the  intensity  of  light 
instead  of  photographic  plates  or  film.  Exit 
slits  are  carefully  positioned  on  the  focal 
curve  so  as  to  pass  the  specific  wavelengths 
of  the  unknown  elements  of  interest  and  the 
internal  standard  wavelength.  A  photomulti- 
plier tube  is  positioned  behind  each  exit  slit 
to  convert  the  light  to  electrical  energy.  Dur- 
ing the  exposure  period  the  electrical  output 
of  the  phototube  is  collected  in  the  form  of  a 
voltage  on  a  capacitor.  At  the  end  of  the 
exposure,  the  voltages  accumulated  on  the 
capacitors  are  a  measure  of  the  element  con- 
centrations analogous  to  the  photographic 
procedure.  That  is,  the  voltage  ratio  between 
each  unknown  element  capacitor  and  the  in- 
ternal standard  capacitor  is  related  to  per 
cent  concentration  in  a  manner  flirmlflr  to 
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FIG.  1.  Diagram  of  the  principles  of  operation  of  the  optical  emission  spectrograph  (photographic) 
and  the  direct  reader  spectrometer  (electric). 


FIG.  2.  Baird- Atomic  Spectrograph  with  concave  grating  of  3-meter  focal  length  in  a  modified  Eagle 
mounting. 
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FIG.  3.  Baird-Atomic  Spectromet  direct  reader  spectrometer  for  rapid  metallurgical  analyses  of  eight 
elements  simultaneously. 


FIG.  4.  Baird-Atomic  Research  Direct  Reading  Spectrograph  with  Spectre-source  (right)* 


the  use  of  optical  intensity  ratios  in  the 
photographic  method. 

The  voltage  ratios  are  measured  and  pre- 
sented directly  on  indicator  dials  or  on  a 
strip  chart  recorder  in  less  than  one  minute. 
The  spectrometer  shown  in  Figure  3,  is  an 
instrument  of  this  type  especially  designed 
for  rapid  routine  metallurgical  analyses.  The 
great  advantages  over  the  photographic  tech- 
nique lie  in  the  fact  that  photomultiplier 
tubes  can  accurately  measure  light  intensity 
with  a  relative  range  of  1:10,000,  whereas 
the  photographic  range  is  1 : 10  between  the 


lightest  and  darkest  spectrum  line  that  can 
be  used  on  the  plate.  Furthermore,  photo- 
graphic emulsion  calibrations  are  eliminated. 
In  Figure  4  the  Baird-Atomic  Research  Di- 
rect Reading  Spectrograph  is  shown. ,  Con- 
version from  photographic  to  direct  .read- 
ing is  accomplished  in  a  few  minutes;  precise 
slit  setting  is.  accomplished  electronically, 
and  an  automatic  optical  series  continuously 
ynfl.i-nt.fl.ins  spectrum  lines  in  correct  align- 
ment during  direct  reading. 

Also  a  logarithmic  measuring  scale  and  the 
Baird-Dow  readout  system  are  used.  Because 
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of  the  nature  of  the  inherent  precision  of  the 
emission  spectrochemical  approach,  a  loga- 
rithmic presentation  of  the  results  is  desira- 
able.  It  is  commonly  recognized  that  the  pre- 
cision involved  is  constant  as  a  per  cent  of 
the  amount  present  over  a  wide  concentra- 
tion range,  especially  above  0.1  %  of  element 
concentration.  For  example,  the  standard 
deviation  for  the  element  chromium  in  teteel 
is  about  1%  of  the  concentration  present 
from  40%  to  something  like  1%,  Between 
about  1  %  and  0.1  %,  the  precision  worsens 
only  gradually.  This  is  summarized  in 
Table  1. 


TABLE  1 


Chromium  Pres- 
ent, % 

Coefficient  of 
Variation,  % 

Absolute  Error 
(One  Sigma),  % 

30 

1 

±0.3 

20 

1 

±0.2 

10 

1 

±0.1 

5.0 

1 

±0.05 

1.0 

1 

±0.01 

0.5 

1.5 

±0.0075 

0.1 

4.0 

±.004 

A  logarithmic  scale,  for  example  a  slide 
rule,  has  the  same  type  of  inherent  reading 
precision.  That  is,  as  the  numbers  decrease, 


TABLE  2 


Users 

Uses 

Users 

Uses 

Metal  Producers 

Railroads,  Truckers,  and 

monitoring    impurities 

Steel  Plants 
Iron  &  Steel  Found- 

control of  melting 
typing     and     sorting 

Diesel  Engine  Op- 
erators 

in  lubricating  oil  as 
preventative  mainte- 

ries 
Non  Ferrous  Found- 

scrap 
certification  of  material 

nance  technique 

ries 

analysis  of  metals  and 

Aluminum   <fe  Mag- 

slag  analysis 

other  purchased  mate- 

nesium Refineries 

rial 

Lead  &  Zinc  Smelters 

- 

.                 £     *1                       • 

Copper  Producers 

service    failure    inves- 

Secondary Metal  Pro- 

tigations 

ducers 

Agriculture    &   Public 

trace   and    minor   ele- 

Metal Fabricators 

Health  Agencies 

ments  in  soils,  plants. 

Missiles  and  Aircraft 

analysis   of  purchased 

and  fertilizers 

Producers 
Ordnance  Works 

material 
sorting  production  mix- 
ups 

minor  elements  in  blood 
and  human  tissue 

Other  Manufacturers 

certification  of  analysis 

contaminants  in  air  and 

for  finished  material 

stream  pollution 

control  of  plating  solu- 
tions 

Research  Laboratories 

service  failure  investiga- 

Industrial 

investigation    and    re- 

tion 

College  <fe  University 

search  into  any  of  the 

analysis  of  ceramics 

State  &  Federal  Gov- 

above 

Chemical  and  Petroleum 
Industry 

impurities  in  catalysts 
monitoring  minor  ele- 

ernment 

development  and  study 

ments  and  additives 

of  new  alloys 

impurities  in  plastic 

temperature    measure- 

trace elements  in  CP 

ments  of  plasma  in 

chemicals 

corrosion  studies 

jets,  shock  tubes,  etc. 

geological       investiga- 

uranium isotope  anal- 

tions 

ysis 
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the  scale  is  automatically  spread  out  to  give 
better  absolute  reading  precision. 

For  the  reason  discussed  above  an  elec- 
tronic measuring  system  was  developed  to 
give  a  logarithmic  presentation  of  data.  As 
already  described,  the  light  is  converted  to 
electricity  and  accumulated  as  a  charge  on  a 
capacitor  during  the  exposure.  After  the  ex- 
posure has  been  completed,  the  internal 
standard  capacitor  (<7,)  is  discharged  through 
a  resistor  (B).  Because  of  the  nature  of  the 
exponential  decline  of  this  voltage,  the  time 
involved  in  falling  from  the  initial  voltage 
(Es)  to  one  of  the  unknown  element  voltages 
(Ex)  will  be  proportional  to  the  logarithm  of 
the  voltage  ratio,  which  in  turn  is  related  to 
the  per  cent  concentration. 

Each  channel  of  the  readout  system  con- 
sists of  a  triggering  circuit  and  a  timer  (either 
a  clock  indicator  dial  or  a  strip  chart  re- 
corder). The  triggering  circuits  are  simply 
START-STOP  circuits,  which  start  the 
timers  at  the  start  of  the  readout  cycle  and 
stop  the  timers  when  the  standard  voltage 
falls  to  the  unknown  element  voltage.  By 
running  samples  of  known  analysis  a  calibra- 
tion curve  can  be  established  relating  time 
or  indicator  readings  to  per  cent  concentra- 
tion. 

Emission  Spectroscopy  Compared  to 
Chemistry.  Emission  spectrochemical  in- 
struments can  eliminate  much  routine 
chemical  analysis.  The  accuracy  is  consider- 
ably better  than  wet  chemical  methods  for 
trace  and  minor  elements  (for  example,  down 
to  parts  per  million).  For  major  elements — 
say  10  %  to  40  %— the  coefficient  of  variation 
of  analysis  is  commonly  3  %— 5  %  with  spec- 
trographs  and  l%-2%  by  direct  reading 
spectrometers  (for  example,  chromium  in 
stainless  steel  by  direct  reading  at  20%  can 
be  determined  to  within  ±.15  %).  Moreover, 
many  determinations  difficult  or  impossible 
by  wet  chemistry  are  easy  by  emission  spec- 
tropcopy — aluminum  and  boron  in  steel; 
cerium  and  magnesium  in  iron;  trace  ele- 


ments in  lubricating  oil  and  other  materials; 
etc.  The  users  and  uses  of  emission  spectro- 
chemical instruments  (Table  2)  are  an  elo- 
quent indication  of  the  role  played  by  these 
techniques. 

G.  L.  CLARK 

MOLYBDENUM  ANALYSIS 

The  spectrochemical  determination  of 
trace  elements  in  molybdenum  is  inherently 
difficult  due  to  the  complexity  of  the  molyb- 
denum spectrum  and  the  intense  continuum 
emitted  under  ordinary  d.c.  arc  excitation. 

A  technique  in  which  these  difficulties  are 
largely  avoided  involves  the  following  prin- 
ciples: (1)  The  molybdenum,  if  not  in  the 
metal  form,  is  converted  to  the  metal  powder 
and  mixed  with  pure  graphite  powder  con- 
taining the  internal  standard.  (2)  The  sample 
mixture  is  packed  into  electrode  .craters,  ap- 
proximately }tf  deep  and  %"  in  diameter, 
and  arced  using  high  voltage  alternating 
current.  (3)  A  small  analytical  gap  and  a 
relatively  short  exposure  time  are  used. 

Under  these  conditions,  the  molybdenum 
spectrum  and  background  are  depressed  to 
the  extent  that  interference  from  background, 
halation,  and  even  weak  spectral  lines  is 
greatly  reduced.  Formation  of  the  extremely 
refractory  molybdenum  carbide  during  arc- 
ing probably  accounts  for  this  marked  de- 
pression of  molybdenum.  X-ray  diffraction 
patterns  of  sample  residues  exhibit  strong 
diffraction  lines  attributable  to  molybdenum 
carbide.  In  effect,  all  those  impurities  which 
are  more  volatile  than  the  molybdenum  car- 
bide volatilize  out  selectively  before  an  in- 
tense molybdenum  spectrum  appears. 

The  sensitivities  of  many  impurities  are 
greatly  enhanced  as  a  result  of  this  phenome- 
non; however,  there  are  impurities  that  are 
RimiiflT  in  behavior  to  molybdenum  and 
their  spectra  are  therefore  depressed  by  this 
technique.  Tungsten  is  an  example  of  such 
an  impurity.  A  method  whereby  good  sensi- 
tivity can  be  attained  for  tungsten  is  to  di- 
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TABLE  1.  LINE  PAIRS  AND  ANALYTICAL  RANGES 


Ele- 
ment 

Wave- 
length, 
A 

Internal 
Standard,  A 

Range,  % 

Group 

Cr 

2677.2 

Co  2685.3 

0.0006-0.05 

Fe 

2483.3 

Co  2685.3 

0.0005-0.05 

Mn 

2676.1 

Co  2685.3 

0.0001-0.01 

Ni 

3002.5 

Co  2685.3 

0.0006-0.04 

Pb 

2833.1 

Co  2685.3 

0.0009-0.05 

Si 

2514.3 

Co  2685.3 

0.0005-0.05 

Sn 

2840.0 

Co  2685.3 

0.0008-0.05 

Group  II 

Al 

3944.0 

Ni  3080.8 

0.0005-0.05 

Ca 

3933.7 

Ni  3080.8 

0.0001-0.005 

Cu 

3274.0 

Ni  3080.8 

0.0001-0.01 

Mg 

2795.5 

Ni  3080.8 

0.0001-0.02 

Group  III 

Ba 

4554.0 

Co  7085.0 

0.0004-0.003 

Ba 

6141.7 

Co  7085.0 

0.003  -0.01 

K 

7664.9 

Co  7085.0 

0.001  -0.02 

Na 

5889.9 

Co  7085.0 

0.0004-0.01 

Sr 

4607.3 

Co  7085.0 

0.001  -0.01 

Group  IV 

W 

4008.7 

Mo  4006.0 

0.01    -0.2 

W 

4102.7 

Mo  4006.0 

0.2     -1.0 

lute  the  molybdenum  metal  powder  with 
zinc  oxide  buffer  and  excite  with  low  amper- 
age direct  current. 

A  secondary  matrix  line  is  suitable  for 
internal  standardization  in  the  case  of  tung- 
sten; however,  the  more  volatile  elements  re- 
quire the  addition  of  an  internal  standard. 
High  purity,  finely  powdered  nickel  and  co- 
balt mixed  with  the  graphite  buffer  are 
satisfactory  internal  standards. 

Standards.  Synthetic  standards  can  be 
prepared  by  adding  volumetrically  stand- 
ardized solutions  of  the  impurity  elements  to 
specially  purified  molybdenum  metal  pow- 
der. Great  care  is  required  not  to  contami- 
nate during  these  additions.  After  drying  and 
blending  the  standards,  it  is  recommended 
that  a  final  hydrogen  reduction  be  carried 
out  (except  for  those  standards  which  con- 
tain volatile  elements  such  as  Sn  and  Pb), 
so  that  the  physical  characteristics  of  syn- 
thetic standards  approximate  unknown  sam- 
ples. 
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Sample  Preparation.  The  following  ra- 
tios of  sample  to  buffer  give  good  results: 

Group  1  elements  (see  table) — 1.0  gram 
molybdenum  metal  powder  to  0.28  gram 
buffer  (25  parts  graphite:  1  part  finely  pow- 
dered cobalt). 

Group  2  elements — 1.0  gram  molybdenum 
powder  to  0.28  gram  buffer  (27  parts  graph- 
ite: 1  part  finely  powdered  nickel). 

Group  3  elements — Same  mixture  as  for 
group  1. 

Group  4  (tungsten) — 1  part  molybdenum 
metal  powder  to  1  part  zinc  oxide  by  vol- 
ume. 

Table  1  gives  suitable  line  pairs  and  ana- 
lytical ranges  for  a  series  of  common  impuri- 
ties in  molybdenum.  These  elements  are 
grouped  roughly  in  accordance  with  their 
spectrochemical  behavior. 

Molybdenum  Trioxide 

In  essence  the  above  principles  are  ap- 
plicable to  the  analysis  of  molybdenum  tri- 
oxide.  However,  the  sensitivities  of  most  of 
the  elements  are  less  favorable.  The  trioxide 
is  quite  volatile  and,  although  carbide  forma- 
tion occurs  during  arcing,  there  is  an  ex- 
tremely high  concentration  of  molybdenum 
vapor  in  the  arc  column  for  a  few  seconds 
after  the  arc  has  been  initiated.  For  this 
reason  a  short  preburn  is  recommended.  Also 
a  much  higher  ratio  of  graphite  to  molybde- 
num is  required  for  effective  suppression  of 
the  molybdenum  spectrum. 
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NONMETALLIC  ELEMENTS 

Nonmetallic  elements  present  in  chemical 
compounds,  usually  as  a  constituent  of  the 
negative  radical  or  anion,  can  be  analyzed 
by  optical  emission  spectroscopy.  However, 
these  elements  are  not  excited  by  conven- 
tional spectrochemical  methods  and  other 
preparations  are  necessary  before  identifi- 
cation and  evaluation  from  their  emitted 
spectra  are  possible.  Elements  considered  to 
be  nonmetallic  from  the  standpoint  of  spec- 


TABLE  1.  THE  PRINCIPAL  SPECTRAL  LINE  OP  SOME 

OF  THE  NONMETALLIC  ELEMENTS,  AS  WELL  AS 

THE  EXCITATION  POTENTIAL  (E.P.)  OF  THIS 
LINE  AND  THE  lONIZATION  POTENTIALS  (I.P.) 
FOB  THE  ELEMENTS. 


Atomic 
Number 

Element 

Principal  Line 

E.P. 
(Volts) 

I.P. 
(Volts) 

6 

c 

1656.994 

7.45 

11.22 

9 

F 

954.817 

12.92 

18.6 

15 

P 

1774.942 

6.95 

11.1 

16 

S 

1807.37 

6.83 

10.3 

17 

a 

1347.2 

9.16 

12.96 

34 

Se 

1960.87 

6.29 

9.5 

35 

Br 

1488.40 

8.29 

11.80 

troscopy  and  which  are  commonly  encoun- 
tered are  carbon,  sulfur,  selenium,  phos- 
phorus, fluorine,  chlorine,  bromine,  iodine, 
and  gaseous  elements  such  as  hydrogen,  oxy- 
gen, and  nitrogen. 

The  characteristic  spectral  lines  of  non- 
metallic  elements  have  excitation  potentials 
some  2  to  4  times  greater  than  those  of  the 
metallic  elements  with  potentials  of  the  order 
of  4  to  8  electron  volts.  In  an  electrical  dis- 
charge the  effective  energy  potential  is 
largely  dominated  by  the  elements  with  low 
excitations  and  elements  with  high  potentials 
are  suppressed.  Thus,  in  a  compound  con- 
sisting of  both  cations  and  anions  the  poten- 
tials necessary  to  excite  spectral  lines  of  non- 
metallic  elements  are  not  normally  reached. 
The  principal  spectral  line  of  some  of  the 
nonmetallic  elements,  as  well  as  the  excita- 
tion potential  of  this  line  and  the  ionization 
potentials  for  the  elements  are  listed  in 
Table  1. 

Many  spectrochemical  methods  for  the 
analysis  of  nonmetallic  elements  have  been 
suggested  in  literature.  An  important  con- 
sideration of  all  methods  is  the  selection  of 
proper  excitation  conditions  sufficient  to  ob- 
tain emission  spectral  lines  or  bands  in  an 
accessible  analytical  region  of  the  spectrum. 
Sparks  with  high  average  excitation,  power- 
ful low-tension  sparks,  arcs  withhigh-current 
density,  hollow  cathode  excitation,  and 
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high-frequency  excitation  at  low  pressures 
have  all  been  used  successfully.  Spectro- 
graphs  operated  in  a  vacuum  or  an  inert  at- 
mosphere permit  the  use  of  sensitive  spectral 
lines  below  2000  A.  Some  halogens,  mainly 
fluorine,  and  carbon  can  be  analyzed  by  band 
structures  emitted  from  molecular  combina- 
tions, such  as  CaF  or  CN,  which  are  formed 
in  an  arc  column. 

Spectrochemical  methods  are  advantage- 
ous over  other  analytical  methods  under  a 
number  of  conditions.  However,  established 
chemical  methods  are  very  often  more  direct, 
cheaper,  and  more  accurate  when  only  a  few 
samples  are  to  be  analyzed  for  several  ele- 
ments at  high  concentration  levels.  When 
only  small  amounts  of  sample  material  are 
available  or  when  trace  impurities  are  to  be 
detected,  spectrochemical  methods  are  usu- 
ally the  best  approach  for  analyses.  Spectro- 
chemical methods  are  especially  adaptable 
to  control  systems  whereby  samples  are  to 
be  run  on  a  continuous  basis.  The  results  im- 
prove in  accuracy  and  ease  of  determination 
as  the  analyst  gains  in  experience.  Spectros- 
copy  has  the  added  advantage  in  that  a 
number  of  elements,  cations,  and  anions  can 
be  determined  simultaneously.  Ideally,  all 
elements  present  in  a  sample  could  be  ana- 
lyzed by  a  single  method.  However,  this  not 
being  the  case,  a  number  of  methods  are 
necessary  before  all  analytical  conditions  can 
be  met.  The  method  chosen  for  a  given  anal- 
ysis is  based  on  the  elements  to  be  deter* 
mined,  their  concentration  level,  the  amount 
and  state — whether  solid,  liquid,  or  gas — of 
the  sample  material,  and  the  analytical 
equipment  available  to  the  analyst. 

IHrect-Current  Arc 

Fluorine  and  Other  Halogens.  Fluo- 
rine and  other  halogens  are  analyzed  in  a 
direct-current  arc  by  the  use  of  band  struc- 
tures from  diatomic  molecular  emitters 
formed  in  the  arc  column  by  the  combination 
of  the  halogen  with  an  alkaline  earth.  The 
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CaF  emitter  is  found  to  be  the  most  stable 
in  an  arc  of  any  of  these  combinations  with 
the  result  that  fluorine  has  the  lowest  detec- 
tion limit  of  the  halogens —  ~50  ppm.  Pro- 
cedures for  detection  of  fluorine  in  water, 
rocks,  minerals,  slags,  and  enamels  are  re- 
ported in  literature.1'11  Other  combinations 
of  a  halogen  and  an  alkaline  earth  are  rela- 
tively unstable  and  are  not  as  extensively 
used  as  the  CaF  emitter. 

CaF  bands  are  easily  excited,  /^2-3eV  ex- 
citation potential,  and  are  almost  as  easily 
dissociated  at  <^3.3  eV.  Thus,  emission  in 
an  arc  is  at  a  maximum  at  the  cooler  fringe 
and  at  a  minimi!™  in  the  hotter  core  of  the 
discharge.  Bandheads  for  CaF  and  other  di- 
atomic emitters  are  given  in  Pearse  and  Gay- 
don.12  The  most  satisfactory  CaF  bandhead 
for  spectrochemical  analysis  is  located  at 
5291.0  A.  The  strongest  is  6036.9  A  which 
can  be  used  for  detection  of  low  concentra- 
tion, but  not  normally  for  densitometry  be- 
cause of  interference  from  calcium  oxide 
bands. 

An  excess  of  calcium  atoms  in  the  arc 
column  is  necessary  for  the  formation  of  CaF 
emitters,  and  if  calcium  is  not  present  in  the 
original  sample  material  it  can  be  added  as 
any  one  of  its  compounds.  The  most  common 
practice  is  to  add  both  calcium  as  CaC08 
and  carbon  powder  to  the  sample  material 
to  ensure  both  a  copious  release  of  calcium 
atoms  during  the  early  period  of  arcing  and 
at  the  same  time  minimize  selective  volatili- 
zation. Fluorine  is  very  volatile  while  cal- 
cium is  much  less  so  and  any  factor  which 
accentuates  this  difference  in  volatility 
tends  to  decrease  detection  sensitivity. 

The  intensity  of  CaF  band  emission  is 
fairly  sensitive  to  matrix  changes  and  stand- 
ards should  be  selected  with  this  in  mind. 
Several  certified  standards  with  different 
matrices  are  available  from  the  National 
Bureau  of  Standards  and  can  be  used  as  a 
starting  material  for  making  a  series  of  syn- 
thetic standards  for  working  curves.  One 
NBS  standard,  No  91,  is  an  opal  glass  with 
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^5.7%  F  and  two  others,  Nos.  56  and  120, 
are  phosphate  rocks  with  ^3.7  %  F. 

Optimum  conditions  for  fluorine  analysis 
vary  somewhat  for  different  sample  mate- 
rials. No  one  set  of  conditions  is  the  best  for 
all  materials.  However,  there  are  some  con- 
ditions which  apply  to  all  analyses.  Satis- 
factory results  for  fluorine  in  phosphate  rocks 
are  obtained  with  a  mixture  of  one  part  sam- 
ple and  two  parts  of  a  1 : 1  mixture  of  CaCOs 
and  carbon  powder.  A  portion  of  the  sample 
mix  is  excited  in  a  %e*  carbon  anode  for  30 
seconds  at  7  amperes.  The  optimum  excita- 
tion time  for  other  materials  varies  accord- 
ing to  percentage  fluorine,  sample  volatility, 
CaCOs  to  carbon  powder  ratio,  electrode  de- 
sign, and  arc  current  used.  Since  the  ana- 
lytical bandheads  are  located  in  the  visible 
region,  a  photographic  emulsion  with  maxi- 
mum sensitivity  to  that  region  is  necessary. 
Eastman  III-J  or  I-L  emulsions  are  ade- 
quate for  most  analyses.  A  spectrograph  with 
a  dispersion  of  8A/mm  or  better  is  desirable. 
Transmittance  values  of  the  5291.0  A  band- 
head,  corrected  for  background,  are  plotted 
against   fluorine   concentration   values   of 
standard  samples  to  obtain  analytical  work- 
ing curves.  Several  curves  are  needed  to  cover 
the  analytical  range  between  several  tenths 
of  a  per  cent  to  6  %  or  greater.  Duplicate  de- 
terminations are  usually  necessary.  Repro- 
ducibility  for  fluorine  analysis  are  about 
±15-20  %.  Some  improvement  can  be  gained 
by  the  use  of  an  internal  standard,  such  as 
the  CaO  bandhead  at  54881  or  a  copper  line 
at  5105.5  A,6  but  very  often  the  gain  does 
not  warrant  the  added  effort.  Detection  lim- 
its are  obtained  down  to  100-200  ppm.  The 
detection  limit  for  fluorine  can  be  extended 
to  40-50  ppm  by  arc  excitation  in  a  helium 
atmosphere.1  CaO  bands  are,  thereby,  sup- 
pressed and  the  more  sensitive  CaF  band- 
head  at  6036.9  A  can  now  be  used.  Usually 
three  superimposed  exposures  of  60  seconds 
are  needed  for  the  lowest  detectable  con- 
centrations. 
Fluorine  determinations  in  calcined  alu- 
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mina  and  other  materials  can  be  applied  to 
direct-reading  spectrochemical  instrumenta- 
tion.18 Both  CaF  and  SrF  band  structures 
are  satisfactory  for  concentration  values  of 
0.05  to  0.5%  in  air  and  0.02  to  0.3%  in  a 
helium  atmosphere. 

The  SrF  bandhead  at  5772  A  can  be  used 
for  flourine  detection  similarly  to  the  CaF 
bandhead  at  5291  A  with  about  the  same 
level  of  detection.  However,  CaF  5291  A  is 
preferred  for  most  analysis  because  calcium 
is  more  prevalent  than  strontium  in  most 
sample  materials.  When  both  calcium  and 
strontium  atoms  are  present  in  the  same 
arc  column  the  available  fluorine  is  dis- 
tributed between  the  two  emitters  with  a 
resultant  decrease  in  sensitivity.  BaF  band- 
heads  are  observed  in  the  arc  but  are  found 
to  be  not  as  clearly  defined  or  as  sensitive 
as  the  CaF  and  SrF  bandheads.8 

Chlorine  combined  with  calcium  emits  in 
an  arc  several  bandheads  suitable  for  spec- 
trochemical analysis  of  which  5934.0  and 
6211.6  A  are  found  to  be  the  strongest.8 
Methods  for  analysis  are  similar  to  fluorine 
detection.  Chlorine  also  combines  with  bar- 
ium to  form  bandheads,  however,  the  strong- 
est, 5240.5  and  5136.0  A,  are  less  sensitive 
then  the  CaCl  bandheads. 

Bromine  combines  with  barium  to  form 
weak  emitters  with  bandheads  at  5208.2  and 
5360.1  A.  Thus  far,  iodine  detection  by  band 
structures  has  not  been  reported  in  litera- 
ture. 

Halogens  also  combine  with  elements  other 
than  the  alkaline  earths  to  form  emitters  of 
molecular  spectra.  Pearse  and  Gaydon12  gives 
the  identification  of  a  number  of  halogen  di- 
atomic molecules  that  are  excited  in  the  arc 
which  possibly  can  be  used  for  the  detection 
of  halogens.  However,  most  combinations 
.are  easily  dissociated  and  are  best  suited  to 
the  conditions  of  the  low  excitation  potentials 
which  exist  in  flames. 

The  alternating-current  arc  has  also  been 
used  for  the  analysis  of  fluorine  by  the  CaF 
bands.14 


Carbon.  Carbon  is  analyzed  in  its  various 
compounds  by  use  of  the  direct-current  arc.15 
When  samples  are  excited  in  copper  elec- 
trodes, the  carbon  in  the  sample  combines 
with  atmospheric  nitrogen  to  form  cyanogen 
which  emits  bandheads  that  are  used  as  a 
measure  of  the  amount  of  carbon  present. 
The  cyanogen  violet  system,  with  principal 
bandheads  at  3590,  3883  and  4216  A  is  the 
most  sensitive  of  the  various  cyanogen  sys- 
tems with  the  bandhead  at  3883  A  being  the 
most  sensitive  and  used  for  spectrochemical 
analysis.  The  excitation  potential  for  the 
cyanogen  violet  system  is  ^3.2  eV  as  com- 
pared with  3.77  eV  for  copper  which  ensures 
cyanogen  excitation  in  a  copper  arc.  The 
intensity  of  the  cyanogen  bands  increases 
with  higher  amperages  with  cathode  excita- 
tion, however  currents  in  excess  of  6  A  are 
not  used  because  the  copper  electrodes  will 
melt. 

The  complex  process  whereby  cyanogen  is 
formed  and  excited  in  the  arc  is  subject  to 
many  variables  which  affect  the  relative  in- 
tensity of  the  cyanogen  bands  produced  from 
a  given  amount  of  carbon  in  the  sample  ma- 
terial. The  principal  variables  to  be  con- 
sidered are  the  widely  different  carbon-bond 
strengths,  the  effect  of  excitation  changes, 
and  the  control  of  arc  temperatures  by  ex- 
traneous elements.  These  factors  will  all  af- 
fect the  rate  and  completeness  of  evolution 
of  carbon  or  carbon  containing  compounds 
from  the  sample. 

Time  studies  of  volatilization  show  that 
cyanogen  production  occurs  very  early  in  the 
arcing  period  for  most  samples,  presumably 
through  rapid  evolution  of  the  carbon  as 
CO2 .  The  presence  of  alkalies  or  other  easily 
excited  elements  in  the  sample  material  tends 
to  lower  the  arc  temperature  and,  thereby, 
suppresses  the  formation  of  the  cyanogen 
bands.  However,  the  presence  of  silica  greatly 
enhances  the  relative  intensity  of  CN  3883  A 
because  the  decomposition  of  carbonates  is 
accelerated  by  chemical  reaction  in  the  hot 
electrode  of  the  silica  with  the  carbonates. 
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The  addition  of  one  part  of  quartz  (Si02)  by 
volume  to  all  samples  and  standards  reduces 
this  matrix  effect  and  simplifies  standardiza- 
tion. 

Carbon  can  be  determined  spectrochemi- 
cally  either  as  carbonate  carbon  or  as  "equiv- 
alent graphite"  carbon  or  as  both  forms  in 
the  same  sample.  Two  series  of  standards, 
which  can  be  made  from  available  National 
Bureau  of  Standards  materials,  are  needed 
to  cover  both  forms.  Standards  for  "equiva- 
lent graphite"  carbon,  or  graphitic  carbon, 
can  be  made  by  mixing  pure  carbon  powder 
with  pure  quartz  or  a  NBS  glass  sand — Nos. 
81  or  165.  The  carbonate  carbon,  calculated 
as  percentage  C02 ,  can  be  NBS  Nos.  la  and 
88  used  directly,  or  chemically  analyzed 
standards,  or  even  quartz  mixed  with  known 
quantities  or  CaC03.  Both  samples  and 
standards  are  ground  to  pass  a  100  mesh 
screen  and  diluted  with  one  part  by  volume 
of  quartz  before  arcing. 

Electrodes  are  cut  from  commercial  copper 
rods  of  3  mm  diameter,  and  a  cone-shaped 
cavity  with  an  apex  angle  of  82°  is  machined 
in  one  end.  The  sample  mix  is  packed  into 
this  cavity,  but  not  weighed.  Counterelec- 
trodes  are  cut  from  commercial  copper  rods 
of  1.5  mm  diameter. 

The  sample  electrodes  along  with  appro- 
priate standards  are  excited  in  the  direct- 
current  arc  for  30  seconds  and  6  A  at  ~50  V. 
The  sample  electrode  is  the  cathode.  Spectro- 
graphs  with  an  8  A/mm  dispersion  or  better 
are  satisfactory  for  all  analysis.  The  resultant 
spectra  are  recorded  on  a  photographic  emul- 
sion sensitive  to  the  3000-4000  A  region.  The 
ON  3882  A  bandheads,  corrected  for  back- 
ground, are  measured  and  transmittance 
values  obtained  are  converted  to  log  relative 
intensities  by  means  of  the  emulsion  calibra- 
tion curve.  The  percentage  carbon  present  in 
a  sample  is  determined  from  analytical  work- 
ing curves  of  log  relative  intensity  CN  3883  A 
versus  log  per  cent  carbon  or  C02  values  of 
standard  samples.  Since  differences  in  the 
matrix  do  not  change  the  slope  of  the  ana- 
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lytical  curves  for  graphitic  carbon  or  for 
carbon  in  the  carbonates,  the  same  curve 
but  with  different  abscissas  can  be  used  for 
both.  The  analytical  range  for  graphitic  car- 
bon is  from  about  0.1  to  50.%,  and  for 
C02  from  about  0.5  to  50.  %.  The  precision 
of  low-carbon  contents  is  somewhat  de- 
creased by  small  amounts  of  C02  in  the  at- 
mosphere and  by  C02  absorbed  in  the  elec- 
trodes, the  sample  itself,  and  the  quartz 
diluent.  Some  correction  for  this  C02  can  be 
made  by  arcing  a  bland  quartz  sample.  The 
coefficient  of  variation  of  this  method  as 
determined  by  replicate  determinations  is 
found  to  be  13  %.15 

If  carbon  is  to  be  determined  as  carbonate 
carbon  and  as  graphitic  carbon  in  the  same 
sample,  the  sample  is  divided  into  two  parts. 
One  part  receives  no  further  treatment  other 
than  the  addition  of  one  part  quartz,  while 
the  other  part  is  treated  with  warm  IN  HC1 
to  eliminate  C02 .  The  solution  is  filtered  and 
the  residue  is  dried,  weighed,  and  quartz 
added.  Arcing  untreated  samples  provides  a 
CN  3883  A  intensity  representing  the  total 
carbon  content,  while  arcing  the  residue 
from  HC1  treatment  gives  that  portion  of 
the  total  intensity  which  is  attributed  to 
"equivalent  graphite,"  provided  appropri- 
ate corrections  are  made.  The  difference  be- 
tween the  untreated  sample  and  the  residue 
is  then  due  to  carbon  evolved  as  C02 . 

The  analytical  range  for  carbon  determina- 
tions from  the  cyanogen  bandheads  can  be 
extended  down  to  M).01  %  by  sparking  in  a 
nitrogen  atmosphere  at  a  reduced  pressure  of 
10-20  mm  of  Hg.18  In  this  case,  the  sample 
material  is  mixed  in  a  1 : 1  ratio  by  volume 
with  silver  powder  and  briquetted.  The  pellet 
is  then  sparked  with  a  silver  counter-elec- 
trode in  an  atmospheric  control  chamber. 
The  Nj  bandhead  at  3914  A  is  used  as  an 
internal  standard  for  the  CN  3883  A  band- 
head. 

Selenium.  The  most  persistent  arc  line 
of  selenium,  1960.9  A,  is  not  satisfactory  for 
spectrochemical  analysis  unless  the  optical 
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path  is  a  vacuum  or  an  inert  gas.  The  line  is 
partially  absorbed  by  the  quartz  in  the  op- 
tical system,  by  the  oxygen  in  the  air,  and 
by  the  gelatin  in  the  photographic  emulsion. 
However,  the  second  most  sensitive  lines, 
2039.9  and  2062.8  A,  are  in  a  slightly  more 
favorable  region  and  can  be  used  with  cer- 
tain considerations  to  detect  selenium  down 
to  0.001%  without  previous  chemical  con- 
centration of  the  selenium.17  The  excitation 
potential  of  the  second  selenium  line  pair, 
6.3  eV,  is  lower  than  the  carbon,  7.7  eV,  of 
the  electrode  material  but  higher  than  most 
elements  present  in  the  sample  materials. 
Other  suggested  methods  for  arc  excita- 
tion18*19 require  some  method  of  chemical 
concentration  of  the  selenium  before  anal- 
ysis. 

Short  wave  length  radiation  emulsions 
manufactured  by  Eastman,  and  Ifford  Q 
emulsions  make  possible  the  recording  of  the 
selenium  line  pair  at  2039.9  and  2062.8  A. 
Also,  experimentation  has  shown  that  this 
line  pair  is  greatly  enhanced  by  the  addition 
of  copper  oxide  to  the  sample  matrix.  The 
copper  oxide  also  ensures  an  even  burn  in 
the  arc.  The  combination  of  the  sensitive 
emulsion  and  the  copper  oxide  buffer  permits 
the  analysis  of  selenium  in  the  range  of  2  to 
0.001%. 

Sample  materials  can  be  thoroughly  mixed 
by  passing  through  a  100  mesh  screen  for 
<^30  times.  If  the  history  of  the  sample  is 
unknown,  a  preliminary  test  using  40  mg  of 
the  sample  is  necessary  to  set  the  Se  concen- 
tration above  or  below  the  0.01  to  0.1% 
range.  If  the  concentration  is  below  0.01  an 
80  mg  sample  is  used  and  if  above  0.1  a  lesser 
amount  is  used.  Table  2  shows  the  correct 
sample  weights.  In  application  of  this 
method,  40  mg  of  copper  oxide  is  added,  re- 
gardless of  the  sample  weight.  Analytical 
standards  can  be  made  by  the  addition  of 
known  quantities  of  selenium  to  the  proper 
sample  matrix,  or  by  a  chemical  determina- 
tion of  the  selenium  content. 

The    samples    along    with    appropriate 


TABLE  2.  SAMPLE  WEIGHTS  FOR  DIFFERENT 
SELENIUM  PEBCENTAQES 


Mg  of  Sample 

Range  %  Selenium 

10 

1-10. 

20 

0.1-1. 

40 

0.01-0.1 

80 

0.001-0.01 

standards  are  placed  in  the  craters  of  }%* 
graphite  electrodes  and  excited  in  the  direct- 
current  arc  at  12  A  and  300  V  for  90  seconds. 
The  resultant  spectra  are  recorded  on  a  short 
wave  length  radiation  emulsion.  The  2039.9 
A  selenium  line  is  measured  and  the  per- 
centage present  is  determined  from  ana- 
lytical working  curves  made  from  a  plot  of 
known  per  cent  selenium  versus  blackening 
of  the  2039.9  A  line. 

A  check  of  this  method  with  chemically 
analyzed  samples  shows  a  relative  accuracy, 
of  about  7%  of  the  amount  present.  Al- 
though this  spectrochemical  method  has  been 
applied  only  to  several  minerals — pyrite, 
chalocite,  and  marcasite — it  is  believed  that 
satisfactory  results  can  be  obtained  with 
many  other  sample  materials. 

Spark  Excitations 

Several  different  spark  conditions  have 
been  suggested  which  are  sufficient  to  pro- 
duce the  emission  spectra  of  nonmetallic  ele- 
ments in  a  spectral  region  convenient  to 
most  spectrographs.  Usually  more  than  one 
spectral  line  of  each  element  is  excited  and  is 
available  for  spectrochemical  analysis.  The 
concentration  range  from  parts  per  million 
to  the  major  constituent  can  be  covered.  Al- 
though satisfactory  results  are  obtained  by 
sparking  in  air,  limits  of  detection  are  ex* 
tended  and  reproducibility  of  results  are  im- 
proved by  sparking  in  a  controlled  atmos- 
phere at  reduced  pressures. 

Commercially  purchased  source  units  can 
be  used  for  excitation;  One  of  these  is  the 
Applied  Research  Laboratories  standard 
spark  unit.  The  most  "sparklike"  condition 
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220-280V;±r 


FIG.  1.  The  Pfeilsticker  low-tension  spark  circuit  for  excitation  of  nomnetallic  elements.  Incoming 
voltage  220-280  V  d.c.,  Oi  400-2000/*F,  C*  0.1/iF  1500  V,  C«  0.25jiF  350  V,  Li  0-5/iH,  L2  line-filter  inductance, 
R  load  resistance  10-40  ohms,  V  vacuum  chamber-pressure  2  to  20  mm  Hg,  T  Tesla  coil. 


for  this  unit  is  0.021  pi  capacitance  and  45 
juh  inductance  which  is  sufficient  for  excita- 
tion of  most  nomnetallic  elements.20  The 
ARL  Model  4700  high  precision  source  unit 
operated  with  its  most  highly  condensed 
sparklike  discharge  is  also  satisfactory.21  In 
this  case,  the  air  inductance  coils  are  re- 
moved from  the  circuit  so  that  a  minimum 
of  residual  inductance  remains.  For  sample 
excitation,  a  nominal  radio-frequency  cur- 
rent of  8  A  is  passed  through  a  0.5  mm  ana- 
lytical gap  for  a  30  second  period.  Another 
source  is  the  air  interrupted  spark  with  0.015 
/if  capacity  charged  to  14,000  peak  volts  and 
discharged  3  times  per  half-cycle  through  a 
resistance  of  2  ohms,  an  inductance  of  50 
juh,  and  an  analytical  gap  of  0.5  mm.22  For  a 
high-voltage  spark  source  with  a  synchro- 
nous interrupter,  a  condenser  of  0.02  /if  ca- 
pacity is  charged  to  34,000  peak  volts  and 
discharged  through  a  8.8  ohms  resistance,  an 
inductance  of  50  A*h,  and  an  analytical  gap  of 
0.5  mm.22  The  resultant  rf  current  for  these 
conditions  is  14  A. 

A  powerful  low-tension  spark  circuit  de- 
veloped by  Pfeilsticker,28-24  Figure  1,  has 
proved  to  be  very  effective  in  the  excitation 
of  nomnetallic  elements.  Characteristics  of 
this  circuit  are  discussed  in  literature.25-28 
Experimentations  have  shown  that  as  the 
duration  period  is  shortened  and  the  current 
density  is  increased,  the  characteristics  of  an 
arc  discharge  become  more  sparklike  as  re- 
vealed by  the  increase  in  number  and  in- 
tensity of  spark  spectral  lines.  Sparklike 
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spectra  are  obtained  when  condensers  of  400 
to  2000  juf  at  300  V  are  discharged  through  a 
resistance  between  10  and  40  ohms,  an  in- 
ductance of  0-5  fjh  in  a  duration  period  be- 
tween 0.01  and  0.5  seconds.  Currents  up  to 
10,000  A  have  been  reported  for  this  dis- 
charge.28 

One  method  for  sample  preparation  for 
excitation  is  to  mix  a  few  milligrams  of  pow- 
dered sample  material  with  an  equal  volume 
of  fine  mesh  silver  powder  and  to  press  the 
mix  into  a  pellet,  either  with  a  mechanically 
or  hand  operated  press.  The  size  of  the  pellet 
can  be  from  an  %"  to  a  %"  diameter.  The 
bulk  of  the  pellet  can  be  increased  by  adding 
silver  powder  or  a  solid  silver  rod  between 
two  portions  of  sample  mix  and  then  pressing 
into  a  pellet.  In  this  way,  besides  increasing 
the  bulk  of  the  pellet,  duplicate  results  are 
obtained  by  sparking  both  ends  of  the  pellet. 
The  counter-electrode  can  be  either  pelleted 
silver  powder  or  a  solid  silver  rod.  An  internal 
standard,  if  desired,  is  introduced  by  mixing 
into  the  silver  powder.  Powered  zinc22  and 
bromine,  introduced  as  a  compound,21  have 
been  suggested  as  internal  standards. 

Spark  discharges  usually  produce  spectra 
having  more  than  one  line  of  each  nomnetal- 
lic element  present,  thus  a  broad  analytical 
range  can  be  covered  in  a  single  exposure. 
Analytical  lines  in  the  spectral  region  be- 
tween 3500  and  5000  A  are  shown  in  Table  3. 

Standards  are  prepared  either  by  chemical 
analysis  or  by  the  addition  of  known  quanti- 
ties of  the  elements  to  be  determined  to  the 
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TABLE  3.  USEFUL  SPECTRAL  LINES  OP  NONMETALLIC  ELEMENTS  FOB  SPABK 
ANALYSIS  IN  THE  3500-5000  A  REGION 


c 

F 

P 

s 

a 

Se 

Br 

I 

3876.2 

3503.1 

3556.5 

3497.3 

3602.1 

3637.5 

3506.5 

3498.0 

3876.4 

3505.6 

3706.1 

4142.3 

3748.3 

3711.6 

3517.4 

3724.8 

3876.7 

3847.1* 

3827.4 

4145.1 

4794.5* 

3738.7* 

3540.1 

3897.3 

3920.7 

3850.0 

4475.3 

4153.1 

4810.1* 

3800.9 

3562.4 

4074.5 

4024.7 

4587.9* 

4162.7* 

4819.5* 

4382.9 

4704.9* 

4409.0 

4076.0 

4601.2* 

4174.3 

4896.8 

4785.5* 

4452.9* 

4267.0 

4525.0 

4904.8 

4816.7* 

4512.6 

4267.3* 

4666.5 

*  Strongest  lines 

appropriate  sample  matrix  and  mixing  into 
the  powdered  silver  used  for  the  formation 
of  the  pellet.  Standards  are  treated  to  the 
same  analytical  conditions  as  the  unknown 
materials. 

Analytical  curves  for  sulfur  between  1 
and  18  %,  and  chlorine  between  1  and  45  % 
can  be  established  from  spectra  produced 
under  ordinary  atmospheric  conditions 
within  an  average  deviation  of  18  %.21  By 
blowing  an  inert  gas  through  the  spark  dis- 
charge zone,  background  is  suppressed  and 
spectral  line  intensities  are  enhanced.22  To 
further  extend  detection  limits  down  to  1  jug 
or  less  necessitates  the  use  of  an  atmospheric 
control  chamber  with  an  inert  gas  at  pres- 
sures of  2  to  20  mm  of  Hg.  The  powerful  low 
tension  spark  requires  a  specially  designed 
chamber.28"24  Another  design  that  can  be  used 
with  most  other  spark  discharges16  is  shown 
in  Figure  2. 

Carbon  in  Steel.  Carbon  is  determined 
in  steels  by  excitation  with  a  condensed 
spark.  The  sample  is  one  electrode  and  the 
counter-electrode  is  either  silver,  copper, 
or  magnesium,  or  another  conductor.  Metal- 
lographic  conditions  of  the  sample  must  be 
considered  in  the  selection  of  standards.  The 
carbon  line  CITE  2296.9  A  used  with  the  iron 
line  Fein  2295.9  A  as  an  internal  standard 
can  give  results  within  a  coefficient  of  varia- 
tion of  about  3.7%  of  the  carbon  content.29 
With  low  carbon  steels  the  C02  present  in 
the  atmosphere  can  interfere  unless  proper 


FIG.  2.  An  atmospheric  control  chamber  for 
spark  excitation  of  nonmetallic  elements.  (Cour- 
tesy C.  E.  Harvey  Assoc.,  Chicago,  HL)  A.  Optical 
center  line;  B.  Electrode  center  line;  C.  Upper  elec- 
trode holder;  D.  Lower  electrode  holder;  E.  Lower 
electrode  adjuster;  F.  Plexiglas  vacuum  chamber; 
G.-H.  Vacuum  closure  plates;  J.  Quartz  window  in- 
sert; K  Condensing  lens;  L.  Vacuum  or  pressure 
line;  M.  Valve  to  inert  gas;  N.  Valve  to  vacuum  re- 
serve tank;  P.  Manometer  connection;  Q.  Valve  to 
vacuum  pump;  R.  Vacuum  reserve  tank. 

steps  are  taken  to  eliminate  or  minimize  the 
effect.  The  use  of  a  magnesium  counter-elec- 
trode prevents  the  formation  of  a  thick  oxide 

237 


EMISSION  SPECTROSCOPY— LIGHT 
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ELECTRICAL  CONNECTION 


FIG.  3.  A  schematic  drawing  of  a  hollow  cath- 
ode for  analysis  of  nonmetallic  elements.  (After 
Birks87) 

film  on  the  sample  electrode,  lowers  the  rate 
of  carbon  oxidation,  and  reduces  the  diffu- 
sion rate  of  the  CO*  into  the  surrounding 
gaseous  medium.80  Thus,  the  carbon  spectral 
line  is  enhanced  and  analytical  results  are 
obtained  down  to  0.03-0.04%. 

Hollow  Cathode 

Hollow  cathode  excitation  is  the  most 
sensitive  of  any  spectroehemical  method  for 
the  detection  of  most  nonmetallic  elements. 
Also,  the  sample  form  can  be  either  a  solid, 
a  liquid,  or  a  gas.  However,  the  design  and 
operation  of  the  hollow  cathode  are  complex, 
and  to  obtain  results  for  routine  analysis  re- 
quires ingenuity  as  well  as  experience.  The 
method  is  very  sensitive  because  the  dis- 
charge is  almost  completely  confined  to  the 
inside  of  the  cathode,  little  material  is  lost 
from  the  discharge,  the  efficiency  of  excita- 
tion is  high,  and  the  sample  material  is  re- 
peatedly re-evaporated  into  the  discharge.81 
The  source  is  especially  suited  for  the  anal- 
ysis of  materials  available  only,  in  minute 
.quantities.  The  hollow  cathode  was  origi- 
nated by  Paschen82  and  further  developed 
by  Schiiler88-84  and  by  others88'89. 

If  the  cathode  is  made  hollow  and  a  d.c. 
potential  of  about  1000  V  is  applied  in  a 
pressure  from  1  to  10  mm  Of  Hg  a  brilliant 
glow  is  f  produced  which  is  jconcentrated 
within,  the  cathode  space.  The  glow  is  char- 
acterized 'by  low  potential  gradients  and  an 


almost  pure  electron  excitation.  The  electron 
velocities  are  limited  by  the  critical  poten- 
tials of  the  carrier  gas.  The  intense  positive 
ion  stream  of  the  carrier  gas  causes  sputter- 
ing of  the  cathode  or  any  material  lining  it, 
the  particles  of  which  are  then  excited  by  col- 
lisions of  the  second  kind  with  positive  ions. 
The  excitation  potential  of  helium,  com- 
monly used  as  the  carrier  gas,  is  19.7  eV  and 
this  is  sufficient  for  the  excitation  of  the 
spark  spectrum  of  most  nonmetallic  ele- 
ments, and  in  particular  the  halogens.  Mix- 
tures of  several  gases,  such  as  helium  and 
argon,  can  also  be  used  to  combine  sputter- 
ing effectiveness  along  with  high  excitation 
conditions. 

A  simplified  design  of  a  hollow  cathode  is 
shown  in  Figure  3.  The  cathode  is  made  by 
drilling  a  concavity  in  the  end  of  a  rod  of  any 
one  of  a  number  of  materials  such  as  stain- 
less steel,  tungsten,  or  graphite.  The  anode, 
which  forms  the  outer  envelope  of  the  sys- 
tem, can  be  constructed  from  brass.  The 
anode,  insulated  from  the  cathode,  is  cooled 
by  a  water  circulation  system  or  by  immer- 
sion in  liquid  air  to  permit  higher  currents 
and  to  give  nrnYiTniirn  line  sharpness.  The 
carrier  gas  is  a  source  of  contamination  and 
must  be  thoroughly  purified  before  entry  into 
the  system.  This  can  be  accomplished  by 
continuous  circulation  of  the  gas  through  a 
liquid-air  cooled  charcoal  trap.  A  quartz 
window  is  sealed  at  the  end  toward  the  spec- 
trographic  slit. 

Sample  weights  of  20  mg  or  more  are  intro- 
duced into  the  system  by  coating  the  mate- 
rial as  a  fine  powder  onto  the  hollow  of  the 
cathode.  Sample  weights  of  more  than  100 
mg  are  undesirable  since  distortion  of  the  dis- 
charge will  occur  and  sputtering  of  impurities 
will  be  incomplete.  The  sample  can  also  be 
added  in  solution  form  by  evaporating  the 
solution  to  a  thin  uniform  film  within  the 
cathode.  The  system  is  outgassed  and  the 
purified  carrier  gas  is  added  to  a  pressure 
between  1  and  10  mm  Hg.  A  satisfactory- 
power  source  is  a  smooth  direct-current  sup- 
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ply  with  an  available  voltage  up  to  1500. 
The  anode  is  grounded.  Exposure  times  of 
five  minutes  at  0.3  A  or  six  minutes  at  0.2  A 
are  needed  to  remove  all  the  halogens  and 
the  sulfur  from  the  sample.  A  photographic 
emulsion  with  high  sensitivity  from  4000  to 
9000  A,  such  as  Eastman  I-F  or  I-N  emul- 
sions, is  necessary  to  record  spectral  lines  in 
the  correct  analytical  region.  Table  4  lists 
some  spectral  lines  of  the  halogens  along  with 
sensitivities  found  in  helium.87  The  standard 
deviation  for  the  determination  of  fluorine 
was  found  to  be  12.4  %.87  The  use  of  a  helium 
line  as  an  internal  standard  improved  the 
results  only  to  11.3  %. 

Hollow  cathode  analysis  are  limited  to  ma- 
terials, or  ones  containing  constituents, 
which  can  be  volatilized  by  the  positive  ion 
stream.  The  temperature  at  the  cathode  rises 
with  an  increase  in  current  and  cannot  ex- 
ceed the  boiling  point  of  the  cathode  mate- 
rial. By  using  a  graphite  cathode  with  a  2  A 
current,  a  temperature  of  2500°C  at  the 
sample  material  has  been  obtained.89 

Hollow  cathodes  are  so  constructed  that 
they  may  be  disassembled,  cleaned,  and  re- 
peatedly reused. 

High -Frequency  Excitation 

The  halogens,  selenium,  and  sulfur  can 
be  analyzed  from  their  spectra  excited  by  a 
high-frequency  field  in  a  high-vacuum  sys- 
tem.40-41 The  excitation  chamber  consists  of 
a  quartz,  or  a  high-melting  point  glass  tube 
with  a  ground  joint  connection  for  sample 
loading  at  one  end  and  a  quartz-window  op- 
tic at  the  other.  High-frequency  coils  are 
wound  around  that  portion  of  the  tube  con- 
taining the  sample.  The  tube  is  evacuated 
to  a  pressure  of  10"8  mm  Hg  or  less,  and  a 
high-frequency  field  is  applied  to  the  coils. 
Short-wave  transmitters  in  about  the  6 
meter  range,  or  other  high-frequency  genera- 
tors with  a  power  rating  of  300  watts  are 
sufficient  for  most  excitations. 

When  solid  sample  materials  are  analyzed, 
a  sufficient  vapor  pressure  must  be  obtained 


TABLE  4.  SPECTRAL  LINES  OF  THE  HALOGENS 
USED  FOB  HOLLOW  CATHODE  ANALYSIS 


Spectral  Line 

A 

Geissler 
Intensity 

Sensitivity 
in  Helium, 
Micrograms 

F 

6856.0 

1000 

0.5 

6902.4 

500 

0.8 

7128.0 

150 

0.1 

7202.4 

125 

0.25 

7398.7 

400 

1. 

Cl 

4794.5 

350 

1. 

4810.1 

200 

1. 

Br 

4785.5 

400 

7. 

4816.7 

300 

10. 

8272.4 

70 

5. 

I 

4808.0 

15 

2.5 

4986.9 

35 

2.5 

5678.1 

80 

2.5 

for  excitation.  Excitation  depends  on  the 
volatilization  of  the  sample,  or  constituents 
of  the  sample,  into  the  discharge  area.  The 
low  thermal  power  of  this  electrodeless  dis- 
charge limits  the  application  of  the  method 
to  materials  with  low  vapor  pressures.  A 
temperature  of  1100°C  can  be  reached. 
Higher  tempertaures  will  cause  the  walls  of 
evacuated  tubes  to  collapse.  Sample  weights 
of  10  to  20  mg  are  normally  used.  Analytical 
spectral  lines  for  the  halogens  are  about  the 
same  as  those  used  in  spark  excitations  (Ta- 
ble 3).  The  sensitive  selenium  lines  at  2039.9, 
2062.8,  and  2074.8  can  be  used.  Other  se- 
lenium lines  as  well  as  the  sulfur  lines  appear 
in  the  4500-5500  A  region.  Under  favorable 
conditions,  sensitivity  limits  of  0.001  %  are 
obtained.  Quantitative  results  are  made 
down  to  0.01  %  with  an  accuracy  of  10%. 

Vacuum  Ultraviolet  Region 

The  nomnetallic  elements  have  sensitive 
spectral  lines  which  are  useful  for  analysis 
and  are  relatively  free  from  interference  that 
appears  in  the  region  having  wavelengths 
shorter  than  2000  A.42  The  high  absorption 
of  the  atmosphere  in  this  region  makes  it 
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TABLE  5.  THE  CONCENTRATION  RANGES  AND  THE 
COEFFICIENT  OF  VABIATION  OF  RESULTS  FOB 
CARBON,  PHOSPHORUS,  AND  SULFUR  IN  STEELS 
BY  VACUUM  SPECTROMETRT. 


Spectral  Line 

Concentration  Range 

Coeffici- 
ent of 

% 

Variation 

Carbon 

1930.9 

0.003  to  2.25 

1.2 

Phosphorus 

1774.9 

0.001  to  0.15 

1.1 

Sulfur 

1807.3 

0.001  to  0.10 

2.6 

SLIT 


ELECTRODES 


INSULATING   SUPPORT 


FIG.  4.  Electrode  configuration  for  the  "slid- 
ing spark." 

TABLE  6.  THE  MOST  SENSITIVE  LINE  OF  SOME  OF 

THE  NONMETALUC  ELEMENTS  IN  THE  FAR 

ULTRAVIOLET  REGION. 


A 

A 

CIV 

1548.19 

SeVI 

844.15 

P  V 

1117.98 

C1VII 

800.70 

S  VI 

933.38 

essential  to  work  with  spectroscopic  equip- 
ment that  has  been  evacuated  or  that  has 
been  filled  with  a  transparent  gas  such  as  hy- 
drogen or  helium.  With  the  advent  of  com- 
mercially made  vacuum  spectrographs  with 
optics  of  calcium  or  lithium  fluoride  and 
with  aluminized  diffraction  gratings,  opera- 
tion in  the  vacuum  ultraviolet  is  facilitated 
and  becomes  practical  for  many  analytical 
problems.  Vacuum  spectroscopic  equipment 
is  available  from  several  American  manu- 
facturers, namely,  Applied  Research  Labora- 
tories, Jarrel-Ash  Co.,  and  Paul  M.  McPher- 
son. 
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Spark  and  "sparklike"  conditions,  such 
as  the  ones  suggested  previously,  will  pro- 
duce excitation  in  the  vacuum  ultraviolet 
region.  The  hollow  cathode  as  well  as  high- 
frequency  excitation  can  also  be  used.  Al- 
though the  most  sensitive  arc  lines  of  the 
nonmetallic  elements  are  located  in  this 
region,  they  are  not  normally  used  for  detec- 
tion of  low  quantities  because  conditions  for 
excitation  in  a  vacuum  or  an  inert  gas  favor 
the  emission  of  spark  lines. 

Steels  are  analyzed  by  automation  for 
carbon,  phosphorus,  and  sulfur  as  well  as 
other  constituents  by  vacuum  spectros- 
CQpy  48-44  Detection  limits  are  thereby  ex- 
tended and  reproducibility  of  results  is  im- 
proved. In  some  cases,  the  sample  is  sparked 
using  a  silver  counter  electrode  in  an  excita- 
tion chamber  filled  with  argon.  A  window  and 
lens  made  of  either  calcium  or  lithium  flu- 
oride separate  the  chamber  from  the  main 
body  of  the  spectrometer  which  is  evacuated 
from  the  entrance  slit  to  the  multiplier  photo- 
tube windows.  Individual  phototubes  are 
set  for  each  analytical  line  and  the  internal 
standard  line.  Results  are  received  on  a  con- 
sole used  for  integrating  and  recording  elec- 
trical impulses.  Some  analytical  lines  along 
with  their  concentration  ranges  and  coeffi- 
cient of  variation  of  results  are  given  in  Ta- 
ble 5. 

Very  high  excitation  energies  are  used  to 
obtain  the  spectra  from  nonmetallic  elements 
that  have  been  highly  ionized  with  but  one 
or  two  electrons  remaining  in  the  outer  shell. 
The  emitted  lines  from  most  highly  ionized 
nonmetallic  elements  are  in  the  spectral  re- 
gion between  800  and  1200  A.  A  method  of 
excitation,  called  the  "sliding  spark",46  is 
produced  in  vacua  between  electrodes  in  con- 
tact with  an  insulating  or  semi-conducting 
support.  The  support  has  a  narrow  opening 
in  the  direction  of  the  spectrographic  slit  as 
shown  in  Figure  4.  An  example  of  the  power 
needed  to  produce  the  ionized  spectra  is  an 
electrical  circuit  with  parameters  of  0.75  /tf , 
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14  juh,  25  kV  at  a  discharge  rate  of  20  to  30 
per  minute. 

The  spectroscopic  system,  including  the 
excitation  unit,  is  evacuated  to  around  10^ 
mm  of  Hg.  Ten  to  100  discharges  are  needed 
for  proper  intensity  of  exposure.  The  emitted 
spectra  are  recorded  on  a  photographic  emul- 
sion that  has  been  specially  sensitized  to  the 
far  ultraviolet  region.  The  most  sensitive 
lines  in  the  far  ultraviolet  region  for  some  of 
the  nonmetallic  elements  along  with  the  de- 
gree of  ionization  are  given  in  Table  6.  The 
detection  and  analysis  of  sulfur,  phosphorus, 
and  carbon  in  steel  and  in  aluminum  have 
been  investigated.  Other  analyses  have  been 
sulfur  in  copper  and  silver,  sulfur  in  fluorite, 
and  chlorine  in  certain  powders.  Detection 
limits  are  in  the  5  to  100  ppm  range. 
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J.  W.  MELUCHAMP 

OPTICAL  MASER*  (LASER) 

Announcement  was  made  in  May  1960  of 
the  support  by  The  Royal  Society  in  England 
of  the  construction  by  Dr.  J.  H.  Sanders  of 
Oxford  of  an  optical  maser — a  light  source 
with  a  more  precisely  defined  wavelength 
peak  than  any  other  light  available  to  the 
spectroscopist.  When  brought  to  a  focus  the 
beam  will  possess  such  purity  and  intensity 
that  it  may  be  possible  to  study  for  the  first 
time  the  interactions  of  photons,  the  particles 
of  light,  with  one  another. 

The  maser  originally  gets  its  name  from 
"microwave  amplification  by  stimulated 
emission  of  radiation."  Ruby  crystals  are  al- 
ready in  service  as  masers;  they  can  be  used 
as  radiofrequency  amplifiers  at  radar  wave- 
lengths because  energy  can  be  pijmped  into 
them  for  release  by  the  stimulation  of  the 
incoming  signal.  A  year  ago  Professor  C.  H. 
Townes  and  A.  L.  Schawlow  in  the  United 
States  proposed  that  this  idea  of  pumping 
and  stimulated  emission  could  be  applied  to 
visible  light  as  well  as  to  microwaves.  Since 
then  one  has  seen  the  first  tentative  steps 
taken  towards  an  optical  maser,  mainly  in 
the  United  States,  where  Dr.  Sanders  has 
recently  spent  a  sabbatical  leave. 

The  accepted  idea  is  that  the  working 
medium  which  absorbs  energy  and  releases 
it  should  be  a  gas:  no  solid  would  have  the 
optical  uniformity  needed.  Energy  woyld  be 

*  Based  on  news  items  in  The  New  Scientist,  7, 
1185  (May  12, 1960);  Denver  Post,  July  20, 1960. 
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pumped  in  by  an  electric  discharge,  by  an 
intense  light  source,  by  electron  bombard- 
ment, or  by  some  other  means.  Simply  to  do 
that  would  make  the  gas  glow  in  an  unexcit- 
ing manner:  for  a  maser  the  important  addi- 
tion would  be  a  pair  of  exceptionally  flat  glass 
plates,  with  reflecting  surfaces,  arranged  on 
either  side  of  the  gas  chamber. 

Light  emitted  by  the  gas  would  zigzag  be- 
tween the  plates  and  escape  at  the  edges — 
all  except  for  that  light  which  happened  to 
be  traveling  exactly  along  a  path  at  right 
angles  to  the  two  mirrors.  That  would  remain 
in  the  system,  and  would  stimulate  the  emis- 
sion of  more  light  from  gas  along  the  same 
paths.  Almost  instantaneously,  after  switch- 
ing on  the  pumping  energy,  the  gas  would  be 
radiating  very  intense  energy  at  right  angles 
to  the  mirrors.  If  it  had  been  arranged  that 
one  of  the  mirrors  was  slightly  transparent, 
the  light  would  emerge  as  a  powerful  parallel 
beam. 

In  July  1960  announcement  was  made  of 
the  successful  development  in  the  United 
States  of  an  optical  maser  (or  laser,  from  the 
initials  of  light  amplification  by  stimulated 
emission  of  radiation)  by  Dr.  T.  H.  Maiman 
of  the  Hughes  Aircraft  Co.  As  in  the  case  of 
the  microwave  maser,  a  synthetic  ruby  crys- 
tal is  used.  A  powerful  light  source  such  as  a 
flash  tube  lamp  is  made  to  irradiate  such  a 
crystal.  The  light  energy  from  the  lamp  with 
random  or  non-coherent  waves  excites  the 
atoms  in  the  crystal,  and  they  in  turn  re- 
radiate  light  energy  in  an  extremely  narrow 
band  of  frequencies.  The  excited  atoms  are 
coupled  in  an  atomic  resonance  and  stimu- 
lated to  emit  the  radiation  with  all  waves 
coherent  or  in  phase.  The  consequences  are: 
(1)  true  amplification  of  light  for  the  first 
time  in  history;  (2)  focusing  of  light  into  a 
high  intensity  beam  for  space  communica- 
tions (a  beam  of  light  directed  at  the  earth 
from  a  laser  on  a  satellite  1000  miles  up  could 
be  concentrated  in  an  area  about  200  miles 
wide  for  taking  sharp,  detailed  pictures) ;  (3) 
a  new  tool  for  investigating  the  properties  of 
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matter;  (4)  vast  increase  in  number  of  com- 
munication channels;  (5)  very  high  concen- 
tration of  light  which  could  generate  intense 
local  heat,  for  industrial,  chemical,  and  med- 
ical purposes,  such  as  modification  and 
sterilization  of  surfaces. 

G.  L.  CLARK 

OPTICAL  QUALITIES  OF  SPECTROSCOPIC 
INSTRUMENTS 

Fundamental  Concepts 

The  three  most  important  optical  speci- 
fications for  any  spectroscopic  instrument 
are  its  dispersion  (or  optical  purity),  its 
resolution,  and  its  speed  or  light-gathering 
power. 

Dispersion.  The  angular  dispersion  may 
be  written  as  d$/d\,  A0/AX,  or  (0i  —  Q^/ 
(Xi  —  \2),  the  difference  in  the  angle  of 
deviation,  0,  for  two  rays  of  wavelength 
Xi  and  X2 .  The  linear  dispersion,  AZ/AX,  is 
taken  as  a  measure  of  the  linear  separation 
of  the  two  lines  in  the  focal  plane  of  an  in- 
strument. In  emission  spectrochemical  anal- 
ysis it  has  become  common  practice  to  spec- 
ify the  reciprocal  linear  dispersion,  (or  plate 
factor),  AX/AZ,  as  the  measure  of  dispersion. 
This  is  normally  expressed  as  A/mm,  that 
is,  the  difference  in  the  wavelengths  of  two 
lines  in  A,  divided  by  the  observed  separa- 
tion of  these  lines  on  the  plate,  in  mm.  Un- 
fortunately, this  usage  can  be  confusing,  in 
that  a  spectrograph  with  a  dispersion  of  5 
A/mm  is  twice  as  powerful  as  one  with  10. 

In  a  monochromator  or  spectrophotom- 
eter  the  spectral  purity  or  spectral  band  width 
is  commonly  used  as  a  measure  of  dispersion. 
It  is  the  wavelength  range  transmitted  by  the 
use  of  specified  entrance  and  exit  slit  widths, 
so  that  a  monochromator  having  a  reciprocal 
linear  dispersion  of  40  A/mm  in  the  focal 
plane  will  yield  a  spectral  purity  of  4  A,  or 
.4  millimicron,  using  slits  of  0.1  mm.  ! 

Resolution.  The  resolution  of  any  spec- 
troscopic instrument  is  defined  as  X/AX, 


where  AX  is  the  wavelength  separation  of 
two  lines  just  distinguishable  as  two,  and  X 
is  their  average  wavelength. 

Lord  Rayleigh1  suggested  that  two  lines 
might  be  defined  as  resolved  if  the  central 
maximum  of  the  diffraction  pattern  of  the 
slit  for  the  first  line  falls  at  the  first  Tninimiini 
of  the  diffraction  pattern  of  the  other,  as 
indicated  in  Figure  1.  This  diagram  shows 
the  intensity  distribution  across  the  two 
images,  formed  by  a  perfect  optical  system, 
limited  only  by  diffraction.  The  condition 
for  achieving  such  a  diffraction  pattern  is 
illustrated  for  any  spectroscopic  instrument 
in  Figure  2,  where  light  from  a  slit  S  is  col- 
limated  by  a  lens  LI  ,  is  spread  into  a  spec- 
trum by  some  dispersing  element  whdse 
width  is  AB,  and  is  imaged  at  a  focal  curve 
PP9  by  a  second  objective  lens  L*.  It  is 
assumed  that  la,  £2  and  any  condensing 
lenses  ahead  of  Si  illuminate  and  transmit 
the  full  width  AB  and  that  all  optical  ele- 
ments are  perfect,  so  that  the  quality  of  the 
image  is  determined  by  diffraction  limita- 
tions only. 

At  point  P,  which  is  chosen  on  the  optical 
axis,  a  ray  thought  of  as  originating  at  A 
by  Huyguens'  construction,  will  travel 


FIG.  1.  Conditions  for  the  resolution  of  the  dif- 
fraction patterns  of  two  slits,  according  to  Ray- 
leigh Js  criterion. 


FIG.  2.  Formation  of  diffraction  pattern  from 
an  aperture  of  width  AB  —  W. 
(From  "Experimental  Spectroscopy,"  Ralph  A. 
Sawyer,  2nd  Ed,  Prentice-Hall,  Inc.,  1951) 
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exactly  as  far  as  the  ray  from  B.  Similarly, 
rays  from  any  other  point  in  the  upper  half 
AO  of  the  aperture  AB  will  travel  exactly 
as  far  as  the  corresponding  ray  in  the  lower 
half  BO.  Accordingly,  at  P  there  is  construc- 
tive interference  and  the  intensity  will  be  a 
TftfrgiTTnim.  P7  is  a  point  at  an  angle  A0  from 
P  such  that  the  difference  between  the  rays 
from  A  and  B  to  P',  that  is,  the  distance 
J5C,  is  exactly  one  wavelength,  X.  This 
means  that  the  ray  A  will  be  just  J^  X  differ- 
ent from  the  ray  from  0.  Similarly,  every 
other  ray  from  the  upper  half  AO  will  be 
just  %  \  different  from  the  corresponding 
ray  in  the  lower  half.  This  means  that  at 
P'  there  is  destructive  interference  and  an 
intensity  nrinunnTn.  Accordingly,  the  figure 
represents  the  condition  specified  by  the 
Rayleigh  criterion  and  directly  from  the 
construction  we  see  that 
x 
***  AB° 

Since  we  can  write  the  resolving  power 
X/AXas 


and  can  substitute  in  this  expression  A0  de- 
rived above,  we  can  obtain  the  fundamental 
equation, 


AX 


or 


(1) 


This  shows  that  the  fundamental  resolu- 
tion of  any  dispersing  device  is  limited  only 
by  its  effective  width  and  its  angular  dis- 
persive power. 

In  practice,  the  resolution  or  what  we  may 
call  the  "working  resolution"  of  a  spectro- 
scopic  instrument  is  determined  by  many 
factors,  including  particularly: 

(1)  The  criterion  considered  adequate  for 
calling  two  lines  resolved. 
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(2)  The   quality   of   the   illumination — 
whether  it  is  on  axis  and  fully  illuminates 
the  dispersing  device  and  whether  it  is  co- 
herent (a  point  source  at  a  distance  without 
lenses)  or  incoherent  (as  though  the  slit  were 
self-luminous)   or  a  mixture   (the  normal 
situation  with  a  condensing  lens). 

(3)  The  quality  of  the  optical  imaging 
elements  (lenses  or  mirrors). 

(4)  The  quality  of  the  dispersing  device. 

(5)  The  aberrations  of  the  over-all  optical 


(6)  The  adjustment  of  the  optics  for  best 
focus. 

(7)  The  slit  width,  at  the  dispersion  em- 
ployed. 

(8)  The  resolution  of  the  detector— the 
photographic  plate,  at  the  density  of  the 
exposure  (and  the  resolution  of  the  micro- 
photometer  or  viewing  lens  used  to  evaluate 
it),  the  viewing  eyepiece  of  a  spectroscope, 
the  exit  slit  and  photodetector  of  a  spec- 
trometer. 

(9)  The  relative  intensities  of  the  two 
lines. 

(10)  The  natural  widths  of  the  spectrum 
lines  emitted  by  the  source  itself. 

Unfortunately,  there  is  no  common  agree- 
ment even  on  the  definition  of  "working 
resolution,"  and  it  is  not  a  simple  quality  to 
define.  To  illustrate,  should  the  two  lines 
3072.063  A,  3072.009  A  in  the  curve  of  Fig- 
ure 3  be  considered  as  resolved?  They  cer- 
tainly do  not  show  an  intensity  drop  of  19  % 
between  the  peaks,  as  prescribed  by  the 
Rayleigh  criterion,  but  they  do  appear  as  two 
lines.  If  they  are  resolved,  the  working  reso- 
lution of  the  instrument  is  3072/.054,  or 
57,000.  If  the  half  width  of  the  sharpest  line, 
that  is,  the  width  of  the  line  at  half  its 
heigjit,  is  accepted  as  AX,  the  resolution  may 
be  increased  to  70,000,  whereas  if  a  19% 
intensity  drop  is  insisted  upon,  then  the 
lines  3070.392  A,  3070.318  A  become  more 
appropriate,  and  the  resolution  falls  to 
42,000.  By  selecting  the  appropriate  crite- 
rion, it  is  possible  to  show  that  the  actual 
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FIG.  3.  Second-order  spectrum  at  3070  A  region  of  OH  emission  from  a  bunsen  flame.  (Courtesy 
National  Bureau  of  Standards)  (From  "A  Small  Plane  Grating  Monochromator,  William  G.  Fastie,  /. 
of  the  Optical  Society  of  America,  42,  No.  9,  641-647,  1952) 


resolution  of  an  instrument  equals,  or  even 
exceeds,  the  "theoretical"  resolving  power. 

In  the  above  list  of  factors  which  affect 
working  resolution,  only  (3),  (4)  and  (5) 
depend  on  the  optical  quality  of  the  instru- 
ment itself.  The  other  factors  are  under  the 
control  of  the  operator.  In  many  cases  the 
resolution  of  the  instrument  itself  is  con- 
siderably greater  than  the  working  resolu- 
tion actually  achieved.  Figure  4  and  Tables 
1  and  2  illustrate  how  factors  (7)  through 
(10)  can,  in  practice,  determine  the  working 
resolution.  The  figures  all  show  the  Fe 
"triplet"  (only  three  lines  could  be  resolved 
by  commercial  spectrographs  twenty  years 
ago)  at  3100  A.  The  two  lines  3099.897  A, 
3099.971  A  are  .074  A  apart,  and  require  a 
resolution  of  44,000  to  separate. 

The  asterisks  in  Table  2  indicate  the  con- 
trolling factor  in  determining  the  resolution. 
It  is  noteworthy  that  in  each  case  some  fac- 
tor other  than  instrumental  performance 
sets  the  limit  on  resolution.  Only  in  the  first 
order  case  is  the  instrumental  limitation 
approached,  and  this  was  achieved  only  by 
employing  a  special  high  resolution  source 
and  a  slit  so  narrow  as  to  be  useless  for 
accurate  quantitative  measurements.  In- 
deed, the  need  for  compactness  in  laboratory 
equipment  normally  means  that  dispersion 
rather  than  resolving  power  is  the  limiting 


factor  which  determines  working  resolution. 
This  is  particularly  true  if  quantitative  meas- 
urements are  to  be  made;  when  wider  slits, 
usually  in  the  range  10-50  j*,  must  be  em- 
ployed to  obtain  accurate  photometric  meas- 
urements. Fortunately,  a  working  resolution 
of  10,000-30,000  is  ample  for  much  practical 
work. 

It  is  obvious  that  claims  of  manufacturers 
for  high  resolving  power  need  to  be  examined 
for  the  specific  details  of  the  exposure  before 
being  accepted  as  indicating  an  ability  to 
meet  exacting  resolution  requirements. 

Critical  and  Empty  Dispersion.  When 
the  width  of  the  spectrum  line  is  determined 
by  the  breadth  of  the  line  emitted  by  the 
source  rather  than  by  the  diffraction-broad- 
ened image  of  the  slit,  we  are  employing 
"empty  dispersion."  R.  F.  Jarrell  has  stated 
on  theoretical  grounds  and  R.  K.  Brehm 
has  demonstrated  empirically  that  as  the 
dispersion  is  increased  to  a  critical  dispersion 
at  which  the  slit  and  line  widths  are  equal, 
the  analytical  limit  of  detection  improves; 
but  as  increasingly  empty  dispersion  is  used, 
the  line-to-background  ratio  actually  falls 
and  the  sensitivity  is  reduced. 

The  case  of  the  3-ampere  d.c.  arc  photo- 
graphed in  the  seventh  order  with  a  10  M 
slit  at  a  dispersion  of  1.4  A/mm  illustrates 
such  a  condition,  at  least  for  analytical 
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FIG.  4.  Examples  of  resolution  (see  Table  1). 
TABLE  1.  CONDITIONS  07  EXPOSURE 


Instrument  Employed 

Tarrell-Ash  3.4  Meter 
Ebert  Spectrograph, 
1st  Order,  15,000 
Grooves/Inch 

Jarrell-Ash  3.4  Meter  Wadsworth 
Spectrograph,  2nd  Order,  15,000 
Grooves/Inch 

Jarrell-Ash  Ebert  Spectrograph, 
With  Order  Sorter,  7th  Order, 
7500  Grooves/Inch 

Fig.  4(a) 

Fig.  4(b) 

Fig.4(c) 

Fig.4(d) 

Dispersion 

5.0  A/mm 

2.4  A/mm       2.4  A/mm 

1.4  A/mm 

Slit  width 

SM 

10  /i 

30  M 

10  M 

Approximate    density    of 

.35 

.6 

1.0 

lines 

Approximate  y  of  plate 

1.8 

1.5 

1.5 

Resultant    resolution    of 

100 

40 

40 

plate,  lines/mm 

Light  source 

hollow  cathode 

dc 

iron  arc 

dc  iron  arc 

.090  amp 

1 

.0  amp 

1.0  amp        3.0  amp 
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TABLE  2.  LIMITATIONS  ON  RESOLUTION 
All  data  expressed  in  Angstroms 


Instrument 
Employed 

JarreU-Ash  3.4  Meter 
Ebert  Spectre- 
graph,  1st  Order, 
15,00  Grooves/Inch 

Jarrell-Ash  3.4 
Meter  Wads- 
worth  Spectro- 
graph,  2nd 
Order,  15,000 
Grooves/Inch 

JarreU-Ash  Ebert 

Sorter,  7th  Order. 
7500  Grooves/Inch 

Diffraction 

.041 

.021 

.021 

.012 

.012 

Broadening 

(Theoreti- 

cal Resolu- 

tion) 

Slit  Width  at 

.025 

.024 

.07* 

.014 

.014 

Dispersion 

Employed 

Photographic 

.05* 

.06* 

.06 

.03* 

.03 

Emulsion  at 

Density 

Level  and  y 

of  Negative 

Resolution 

.05* 

.025 

.025 

.025 

.025 

Imposed  by 

Micropho- 

tometerlO/i 

Width  of 

.01 

.03 

.03 

.03* 

.06* 

Spectrum 

Line 

Over-all 

.07 

.06 

.08 

.03 

.06 

Working 

Resolution 

Equivalent 

44,000 

51,000 

39,000 

103,000 

51,000 

Resolving 

Power 

Per    cent    of 

55% 

34% 

26% 

39% 

19% 

Theoretical 

purposes.  A  dispersion  of  5  A/mm  would  be 
adequate.  The  dispersion  of  1.4  A/mm  would 
not  be  empty  if  the  slit  width  were  increased 
to  about  24  /*,  or  if  the  spectrogram  were  to 
be  used  to  study  self-reversal  or  line  shape. 
Speed.  Over  the  last  twenty  years  various 
photoreceptors  have  been  employed  more 
and  more  frequently  to  measure  directly  the 
output  of  spectroscopic  instruments.  Prior 
to  that  time,  the  eye  or  the  photographic 
emulsion  (or  small  thermopiles)  had  been 
utilized.  It  is  not  sufficiently  appreciated 
that  there  is  a  marked  difference  between 
these  traditional  detectors  and  the  large  area 
photoreceptors.  Both  the  eye  and  the  photo- 


graphic plate  require  a  minimum  level  of 
illumination  to  produce  a  detectable  re- 
sponse. The  phototube,  multiplier  photo- 
tube, barrier  layer  photocell,  Golay  cell, 
many  photoconductive  cells  and  thermopiles, 
and  any  other  receiver  in  which  the  photo- 
sensitive surface  is  larger  than  the  exit  slit 
or  exit  slit  image,  all  require  a  minimum  total 
flux  to  produce  a  detectable  response.  Not 
until  the  area  irradiated  exceeds  the  photo- 
sensitive area  do  they  become  dependent  on 
illumination. 

A  typical  spectroscopic  system  is  sketched 
schematically  in  Figure  5.  A  source,  assumed 
to  have  a  unif  orm  brightness  B  (usually  not 
justified),  illuminates  a  slit,  S,  through  a 
condensing  lens,  LI  ,  which  illuminates  the 
full  height  of  the  slit  and  the  entire  area  of 
the  collimator  L% .  In  this  sketch,  the  angu- 
lar deviation  of  the  dispersing  element,  A,  is 
not  shown.  The  objective,  Z/j,  forms  an 
image  of  the  slit  at  P.  Now  if  the  aperture 
stop  of  the  system  is  L* ,  and  if  I*  is  circular, 
then  the  illumination  at  P  can  be  shown  to 
depend  only  on  E'  =  irBT  sin2  0', 2  where 
T  is  a  transmission  factor  to  take  into  ac- 
count the  reflection  losses  from  surfaces  and 
absorption  within  the  optical  elements,  and 
tf  is  the  angle  subtended  at  P  by  the  objec- 
tive. In  other  words,  in  this  idealized  case 
the  visual  or  photographic  speed  of  a  spec- 
troscope or  spectrograph  depends  only  on 
the  brightness  of  the  source,  the  transmis- 
sion of  the  optics,  and  the  size  of  the  pencil 
of  rays  converging  at  the  image. 

Since  the  angle  subtended  by  the  objective 
is  usually  less  than  15°,  sin  tf  =  tan  tf  =  d//, 
where  d  is  the  diameter  of  the  objective  and 
/  is  its  focal  length ;  f/d  is  the  familiar  expres- 
sion for  the  aperture  ratio  or  //number  used 


FIG.  5.  Illumination  in  a  spectrograph. 
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to  designate  the  speed  of  a  photographic 
lens.  So  for  this  idealized  case  we  may  write 


E'  -  BT 


(//number)8* 


(2) 


Aperture  Ratio  and  Effective  Aperture 
Ratio.  In  spectroscopic  instrumentation  it  is 
ordinarily  not  good  design  practice  to  have 
the  objective  constitute  the  aperture  stop, 
because  normally  the  dispersing  element  is 
inherently  more  expensive.  A  prism  requires 
a  larger  optical  blank  than  an  objective  lens 
of  equal  effective  cross  section.  A  grating  is 
usually  more  expensive  than  the  objective 
used  with  it.  Accordingly,  good  usage  makes 
the  dispersing  element  serve  as  the  aperture 
stop.  Prisms  are  usually  produced  with  a 
height  equivalent  to  the  effective  width  (the 
actual  width  of  the  face  multiplied  by  the 
cosine  of  the  angle  of  incidence),  so  that  the 
effective  cross  section  is  a  square.  The  ruled 
area  of  a  grating  is  usually  wide  for  good 
resolution  but  relatively  short,  to  reduce 
astigmatism,  so  that  the  effective  area  is 
rectangular. 

For  such  rectangular  aperture  stops,  the 
photographic  or  visual  speed  of  the  spec- 
troscopic system  can  be  expressed  in  terms 
of  the  effective  aperture  ratio,  defined  as: 
effective  aperture  ratio  =  //d',  where  d'  is 
the  effective  diameter; 


hw  cos  i 


where  h  is  the  height  of  the  prism  or  grating 
ruling,  w  is  its  width,  and  i  is  the  angle  of 
incidence. 

The  relative  speeds  of  two  spectroscopes 
or  spectrographs  will,  therefore,  normally  be 
in  inverse  proportion  to  the  squares  of  their 
effective  //numbers.  Where  speed  is  a  major 
consideration,  as  in  a  Raman  spectrograph, 
it  may  be  necessary  to  have  a  large  dispers- 
ing element  and  an  objective  of  large  diam- 
eter and  short  focal  length,  to  obtain  the 
largest  possible  cone  of  illumination  at  P. 
This  becomes  expensive,  and  would  be 
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doubly  so  if  the  collimating  system  also  had 
to  have  a  high  aperture  ratio.  However,  the 
collimator,  while  it  must  be  roughly  the  same 
diameter,  need  not  have  a  short  focal  length. 
This  will  usually  be  much  less  expensive  and 
the  optical  aberrations  will  be  smaller.  We 
can  see  why  this  is  so.  If  the  collimator  has 
a  focal  length  three  times  greater  than  the 
objective,  the  spectrum  line  will  be  one- 
third  the  size  of  the  slit.  If  a  20  A*  X  2  mm 
spectrum  line  is  desired,  a  60  M  X  6  mm 
slit  must  be  illuminated.  If  this  can  be  done 
with  the  same  level  of  illumination  as  a  20 
p  X  2  mm  slit,  it  is  obvious  that  the  final 
image  will  be  as  bright,  despite  the  longer 
focal  length  of  the  collimator,  because  all 
the  energy  is  concentrated  on  J^th  the  area. 

When  the  detector  responds  to  the  total 
flux  incident  on  its  photosensitive  surface,  a 
high  aperture  ratio  is  no  longer  important; 
instead  the  light  gathering  power  or  flux  trans- 
mitting power  becomes  the  controlling  factor. 

Flux  Transmitting  Power.  The  flux  trans- 
mitting power  of  a  spectroscopic  instrument 
depends  on: 

(1)  The  effective  transmission  or  efficiency 
of  the  optical  elements,  T. 

(2)  The  effective  area,  A  =  hw  cos  »,  and 
angular  dispersive  power  d0/dX  of  the  dis- 
persing element. 

(3)  Z//,  the  ratio  of  the  maximum  slit 
height  which  can  be  used  for  a  critical  prob- 
lem without  destroying  the  spectral  purity, 
divided  by  the  focal  length. 


(3) 


To  understand  the  difference  between 
speed  and  flux  transmitting  power,  consider 
the  relative  performance  of  two  Ebert  mono- 
chromators,  Mi  and  M£  ,  which  have  similar 
gratings  of  15,000  grooves/inch,  65%  effi- 
ciency for  Hg  2537  A,  the  wavelength  of 
interest,  and  ruled  areas  of  52  X  52  mm, 
which  are  the  limiting  apertures.  M2  has  a 
focal  length  of  1000  mm,  Mi  of  500  mm.  For 
2537  A,i  will  be  about  9°. 

*SeeRef.3. 
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The  relative  speeds  are  inversely  propor- 
tional to  the  squares  of  the  effective //num- 
bers, so  that  Mi  photographically  or  visu- 
ally will  be  four  times  faster. 

Ii  _  (effective  //number)* 
/a      (effective  //numberO* 


(A          \> 

\(2VhtWt  cos  it)/r/ 

~^ 


/ 


1000 


V(2V52X52X.988)A 

/ 600 

\(2\/52X52X.988)A 

(17'2)t  -  4/1 


However,  the  linear  dispersion  of  M2  will 
be  twice  that  of  Mi  —  .06  mm/A  vs.  .03 
mm/A,  so  that  the  entrance  and  exit  slit 
widths  of  Ms  may  be  doubled  to  maintain 
the  same  spectral  purity.  Also,  the  slit  height 
may  be  at  least  doubled  without  affecting 
the  resolution,  say,  from  5  mm  to  10  mm. 
Accordingly,  the  entrance  slit  of  M2  can 
admit  four  times  as  much  flux  for  Hg  2537 
as  the  slit  for  Mi  ,  and  this  energy  will  be 
transmitted  by  the  exit  slit,  spread  over  a 
four  times  larger  area.  If  we  are  using  a 
photomultiplier  tube  or  other  photoreceptor, 
the  same  signal  will  be  produced  by  Mi  and 
M2  ,  and  the  flux  transmitting  power  will  be 
the  same. 

Fi 


_    .65  X  5/500  X  52  X  52  X  5.9  X  Ifr*    _  1 
"  .66  X  10/1000  X  52  X  52  X  6.9  X  10^  ~  1 

where  d0/dX  =  1/6  expressed  in  radians/A. 
On  the  other  hand,  assume  that  Ma  has  a 
grating  of  104  X  104  mm  (i.e.,  the  aberra- 
tions of  the  two  instruments  remain  con- 
stant). Furthermore,  assume  that  the  grating 
of  M2  has  30,000  grooves  per  inch,  compared 
to  15,000  grooves  per  inch  for  MI  ,  so  that 


its  angular  dispersion  is  double,  with  the 
same  efficiency,  65  %.  Now  both  instruments 
have  effective  //numbers  of  //8.6,  so  that 
the  illumination  at  the  exit  slit  is  the  same 
in  both  cases;  however  the  linear  dispersion 
of  M2  is  .12  mm/A,  so  that  to  retain  the 
same  spectral  purity  the  slit  width  may  be 
quadrupled  and  the  height  may  be  doubled. 
Thus,  the  flux  transmitting  power  will  be 
eight  times  as  great  as  MI  . 

If  Mi  is  equipped  with  straight  slits  which 
limit  the  slit  height  for  the  resolution  de- 
sired to  5  mm,  and  M2  has  curved  slits,  per- 
mitting a  slit  height  not  merely  of  10  mm 
but  of  30  mm  for  the  same  resolution  (assum- 
ing that  30  nfi™  may  be  illuminated  as  in- 
tensely as  10  mm),  then  the  flux  transmitting 
power  of  M2  becomes  twenty-four  times 
that  of  Mi . 

To  intercompare  monochromators  for 
flux  transmitting  power  it  is  necessary  to 
specify  the  spectral  purity  required  for  a 
particular  problem,  because  this  may  es- 
tablish the  permissible  slit  height  resulting 
from  the  aberrations  of  the  system.  This  is 
particularly  true  in  a  prism  monochromator, 
where  the  curvature  of  the  spectral  lines  is 
markedly  dependent  on  wavelength,  and  in 
grating  monochromators  when  straight  slits 
are  used  in  Ebert  or  Czerny-Turner  mount- 
ings. A  spectral  purity  of  .1  A  may  require 
the  use  of  slits  only  1  mm  high,  whereas  a 
spectral  purity  of  2  A  may  impose  no  limita- 
tion at  all  on  the  slit  height,  which  can  be 
used  at  its  physical  limit.  A  comparison  of 
the  flux  transmitting  power  and  //numbers 
of  some  typical  monochromators  is  given  in 
Table  3,  assuming  a  spectral  purity  of  .2  A. 

Critical  Slit  Width  or  Optimum  Slit 
Width.  Both  theoretical  calculations  and 
experimental  data  show  that  when  the  slit  of 
a  spectrograph  is  narrowed  beyond  a  certain 
limit,  the  illumination  drops  very  rapidly, 
while  the  resolution  is  improved  only 
slightly.  This  point  is  called  the  critical  slit 
width  and  can  be  calculated  from  the  equa- 
tion C.W.  =  X//J),  where  X  is  the  wave- 
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TABLE  3.  FLUX-TRANSMITTING  POWERS  AND  //NUMBERS  or  TYPICAL  SPECTROMETERS 


Instrument 

T 

h 

YTcos* 

<#/<*x 

L/f 

F* 

Effective 
//Number 

An//4.5  Quartz  Prism  Mono- 

.59 

70 

40 

1.48  X  10-* 

1/270 

9.0 

4.5 

chroma  tor,      60°      Prism, 

Double  Passed 

Ebert  //8  Plane  Grating  Mon- 

.52 

52 

50 

1.18  X  10-* 

20/500 

64 

8.8 

ochromator,  600  mm,  30,000 

g/in  Curved  Slits 

. 

Ebert  1.8  Meter  Spectrome- 

.52 

125 

135 

1.18  X  10-< 

100/1800 

558 

12.3 

ter,  30,000  g/in 

Medium  Quartz  Spectrograph 

.69 

41 

41 

7.42  X  10"5 

2/540 

3.2 

11.7 

Concave      Grating      Direct 

.65 

41 

54 

1.18  X  10-< 

20/1300 

26 

24.5 

Beading  Spectrometer,  1.5 

Meter,  30,000  g/in 

Large  littrow  Quartz  Prism 

.63 

56 

56 

7.42  X  10-' 

5/1700 

4.3 

27.0 

Spectrograph 

Large  Grating  Spectrograph, 

.52 

57 

125 

1.18  X  10~< 

20/3360 

26 

35.0 

30,000  g/in 

T  is  the  over-all  transmittance  of  the  system,  assuming  that  a  lens  has  a  transmission  of  90%,  and  a 
prism  85%,  that  a  mirror  has  a  reflectivity  of  90%  and  that  the  efficiency  of  a  grating  near  its  blaze  is 

i%. 

h  is  the  height  of  the  dispersing  element. 
W  cos  i  is  the  effective  width  of  the  dispersing  element. 
dB/dX  is  the  angular  dispersive  power. 

L  is  the  height  of  slit  permissible  to  achieve  .2  A  half  intensity  band  width. 
f  is  the  focal  distance. 
*  All  values  of  F  have  been  multiplied  by  104  to  produce  more  convenient  values. 


length,  /  the  focal  length,  and  D  the  di- 
ameter of  the  collimator. 

Thus,  the  critical  slit  width  on  an  //30 
Spectrograph  for  the  5890  A  line  of  sodium 
would  be  .589  X  30  or  18  M- 

Action  of  a  Prism 

Theory.  The  action  of  a  prism  depends  on 
the  refraction  of  light  by  the  prism  material 
or,  more  precisely,  on  the  dispersive  power 
of  the  material,  that  is,  on  the  variation  of 


FIG.  6.  SnelPs  Law. 


the  index  of  refraction  with  wavelength.  As 
a  light  ray  enters  a  transparent  material  at 
an  angle  of  incidence,  i,  it  will  be  bent  to- 
ward the  normal,  according  to  SnelTs  law, 
so  that  rui  sin  i  —  n2  sin  r,  where  %  and  U* 
are  the  indices  of  refraction  of  the  initial  and 
secondary  media,  and  i  and  r  are  the  angles 
of  incidence  and  refraction  (Figure  6). 

The  ray  is  deviated  from  its  original  course 
because  of  its  interaction  with  the  oscillators 
present  in  the  crystal  structure  of  the  me- 
dium. This  interaction  must  be  slight  or  the 
light  would  be  absorbed  and  the  medium 
would  not  be  transparent.  For  all  materials 
transparent  in  the  visible,  the  oscillators 
must  have  natural  frequencies  in  the  ultra- 
violet and  infrared.  Toward  the  ultraviolet, 
as  the  frequency  increases,  the  interaction 
between  the  incoming  beam  and  the  oscilla- 
tors of  the  material  becomes  greater,  and  the 
ray  is  more  and  more  strongly  deviated. 
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0  2,000  4.000  ftOOO— X—  ftOOO  IQ000A 

FIG.  7.  Dispersion  curves  for  several  different  materials  commonly  used  for  lenses  and  prisms,  (From 
"Fundamentals  of  Optics,"  2nd  Ed,  F.  A.  Jenkins  and  Harvey  E.  White,  McGraw-Hill  Book  Co.,  1960) 


Typical  curves  of  index  of  refraction  versus 
wavelength  are  given  in  Figure  7. 

It  is  obvious  that  the  dispersive  power  of 
a  material  becomes  better  toward  the  ultra- 
violet. Indeed,  it  becomes  best  as  the  natural 
frequency  of  the  oscillators  of  the  material 
is  approached,  and  at  this  point  the  material 
becomes  opaque  because  of  absorption.  Be- 
cause of  this  fundamental  characteristic  of 
optical  materials,  all  prism  spectrographs,  in 
going  toward  the  ultraviolet,  exhibit: 

(1)  a  shorter  focal  length 

(2)  higher  dispersion 

(3)  increasing  absorption 

Two  empirical  formulas  have  been  derived 
to  represent  the  observed  variation  of  re- 
fractive index.  In  1836  Cauchy  proposed  the 
formula  n  =  A  +  5/X2  +  C/X4,  where  n  is 
the  refractive  index,  X  the  wavelength  and 
A,  B  and  C  are  constants  for  a  given  mate- 
rial. 

Hartman4  in  1898  proposed  n  —  n0  + 
C/(X  —  Xo),  where  again  n  is  the  refractive 
index,  X  the  wavelength  and  n0 ,  Xo  and  C 
are  constants  for  the  material.  This  formula, 
in  the  form  X  =  X0  +  C/(do  —  d),  or  pref- 
erably5 


where  dQ  is  a  fiducial  point  and  d  is  the  dis- 
tance of  the  line  from  that  point,  should 
always  be  employed  to  interpolate  accu- 
rately between  known  wavelengths  in  prism 
spectra,  particularly  over  any  extended 
region. 

Dispersion  of  a  Prism.  The  astigmatism 
of  a  prism  is  least  and  the  definition  is  best 
if  the  following  conditions  are  observed: 

(a)  The  prism  is  illuminated  by  parallel 
light. 

(b)  The  slit  is  parallel  to  the  prism  edge. 

(c)  The  light  rays  pass  through  a  plane 
parallel  to  the  base. 

(d)  The   rays  pass  through  the  prism 
symmetrically,   so   that  the  incident  and 
emergent  beams  form  equal  angles  to  the 
faces.  The  prism  is  then  used  at  "minimum 
deviation." 

Figure  8  shows  a  prism  at  TynniTYmm  devi- 


ation. From  Snell's  law  we  obtain 


sin  i 
sinr7 


sin- 


0  +  A 


A 
- 


where  A  is  the  apex  angle  and  8  is  the  angle 
of  deviation.  To  obtain  the  angular  disper- 
sion dd/dk  »  (dd/dn)  •  (dn/dX)  we  differ- 
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FIG.  8.  A  prism  at  minimum  deviation. 


FIG.  9.  Linear  dispersion  of  a  prism  spectrograph. 

entiate  the  equation  above  f or  n  as  a  func- 
tion of  6  and  the  Hartman  formula  for  n  as 
a  function  of  X;  making  the  proper  substitu- 
tions, we  have: 


—  2  sin  A/2  —  C 

fa  "  VI  ~n»sin*A/2*(X-Xo)J 

or  in  another  form: 


2  tan  i  dn 


'(X  -  Xo)« 


(6) 


(7) 


Usually  the  function  desired  is  the  linear 
dispersion  dZ/cZX,  or,  as  it  is  now  more  com- 
monly expressed,  the  reciprocal  linear  dis- 
persion, dX/<fl  in  A/mm.  As  Figure  9  shows, 
this  depends  on  the  focal  length  of  the  spec- 
trograph for  that  particular  wavelength,  (/), 
and  on  the  angle  which  the  plate  makes  to 
the  emergent  beam  (<p), 


d\ 
dl 


d\ 


ds/sm  <p 


Iittf75 


so: 


dX      siny  I" 

di  -  ~  L 


Vl-n«sin«A/2  (X  - 
2  sin  A/2 


the  following  example.  The  International 
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Critical  Tables  give  for  the  index  of  refrac- 
tion for  the  ordinary  ray  through  crystal 
quartz  the  following  data: 


Wavelength 

2573 
2749 
3611 


Index  of  Refraction 

1.59625 
1.58753 
1.56347 


Substituting  these  values  in  the  equation 
n  =  n0  +  C/(X  —  X0)  and  solving,  we  ob- 
tain n0  =  1.52110,  C  =  100.90  and  X0  = 
1230  A. 

To  find  the  reciprocal  linear  dispersion  at 
3100  A  for  a  Littrow  quartz  spectrograph  for 
which  the  focal  length  at  3100  A  is  1650 
mm,  the  apex  angle  of  the  prism  30°  (but 
used  twice  so  that  it  is  equivalent  to  60°) 
and  the  angle  of  the  plate  to  the  emergent 
beam  26°,  we  calculate  first  the  index  of 
refraction  from 


X  -  Xo 


1.52110  + 


100.9 


3100  -  1230 

-  1.57510. 
Then  we  calculate  the  dispersion  as 


dl 


sin 
/ 


-  n>  sin*  A/2     (X  -  Xp)» 
2  sin  A/2         '     -C 


(8)      Z 


_  .439  VI  -  1.57510*  sin*  30°  (3100  -  1230)» 
"  1650  2  sin  30°  100.9 

-  5.7  A/mm. 

The  dispersion  of  a  train  of  prisms  is 
equal  to  the  sum  of  the  dispersions  of  the 
individual  prisms. 

Resolving  Power  of  a  Prism.  From  the 
general  discussion  of  resolution  we  can  write, 

»        de        de    dn 

R  -  to  —  .  to--  .  — 

aX          dn    d\ 

where  w  is  the  effective  width  of  the  dis- 
persing element,  w  =  Z  cos  i  (Fig.  8).  By 
differentiating  equation  (1) 

de  2  sin  A/2  2  sin  A/2 


VI  -  na  sin*  A/2 


2  sin  A/2 
cos  i 
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Substituting,  we  have 


dn    d\ 
So,  for  a  prism 


(cost)        d\ 


*-' 


(9) 


where  t  is  the  thickness  of  the  base  and 
dn/d\  is  the  dispersive  power  of  the  prism 
material. 

The  resolution  of  a  train  of  prisms  is 
equal  to  the  sum  of  the  resolutions  of  the 
individual  prism. 

Curvature  of  lines.  The  spectrum  lines 
of  prism  instruments  are  curved,  with  a 
radius  of  curvature  given  by: 


2(n»  -  1) 


cot  *, 


where  n  is  the  refractive  index,  /  is  the  focal 
length  of  the  camera  lens  and  i  is  the  angle 
of  incidence.  The  lines  are  more  curved 
toward  the  ultraviolet. 

Action  of  a  Grating 

The  Diffraction  Pattern  of  Multiple 
Slits.  If,  in  a  typical  spectroscopic  system, 
we  place  a  series  of  "diffraction  gratings" 
composed  of  one,  two,  three  or  more  equi- 
distant slits,  and  use  a  filter  to  obtain  mono- 
chromatic light  from  a  mercury  lamp  or 
other  simple  line  source,  we  can  photograph 
patterns  such  as  those  shown  in  Figure  10. 
The  first  pattern  shows  the  high-intensity 
central  maximum  and  two  weaker  wings 
characteristic  of  diffraction  from  a  narrow 
rectangular  aperture  or  slit.  As  the  num- 
ber of  slits  is  increased,  the  central  nMHrirmmfi 
of  this  diffraction  pattern  breaks  up  into  a 
number  of  lines  which  become  progressively 
sharper.  These  lines  are  images  of  the  pri- 
mary spectroscope  slit  by  the  "diffraction 
grating".  In  a  practical  grating  for  spectro- 
scopic use  the  number  of  lines  must  be  in- 
creased into  the  thousands  and  the  spacing 
made  very  fine,  usually  of  the  order  of  2600 
to  30,000  to  the  inch.  The  individual  slit 


images  in  Figure  lOf  above  then  become  truly 
sharp  and  monochromatic  and  the  second- 
ary maxima  between  disappear  entirely. 
In  Figure  IQf  the  individual  lines  represent  the 
central  image  and  the  first,  second  and 
third  orders  of  Hg  4358  A,  on  either  side 
of  the  "central  image,"  the  undeviated  ray, 
The  Grating  Formula.  The  action  of  a 
reflection  grating  can  be  visualized  more 
clearly  from  Figure  11.  If  the  two  incoming 
rays  Ri  and  R%  form  a  plane  wavefront,  as 
the  wave  reaches  the  grating,  R*  must  go 
further  than  Ri  by  the  distance  6  sin  i,  where 
i  is  the  angle  of  incidence.  In  leaving  the 
grating  Ri  must  go  further  than  Rz  by  b 
sin  r,  where  r  is  the  angle  of  reflectance.  If 
the  net  path  difference  for  the  two  rays, 
b  sin  i  —  b  sin  r,  is  equal  to  an  integral  mul- 
tiple of  a  wavelength,  n\,  rays  RI  and  R% 
will  be  in  phase  and  there  will  be  construc- 
tive interference  at  the  angle  r.  If  the  grat- 
ing is  used  in  a  mounting  such  that  the 
angles  of  incidence  and  refraction  are  on  the 
same  side  of  the  grating  normal  (frequently 
then  r  =  i),  ray  Rz  will  have  had  to  travel 
further  than  Ri ,  both  as  it  arrives  at  the 
grating  and  as  it  departs,  so  that  the  net 
path  difference  becomes  b  sin  i  +  b  sin  r. 
The  same  argument  can  be  applied  to  a 
transmission  grating.  The  conditions  for 
constructive  interference  give  directly  the 
familiar  grating  formula: 


nX  «  b  (sin  i  rfc  sin  r) 


(10) 


where  n  is  the  order  of  interference,  and  b  is 
the  grating  constant  (expressed  in  Ang- 
stroms, microns,  or  millimicrons,  i.e.,  16,930 
A  for  a  grating  of  15,000  grooves/inch). 
The  positive  sign  applies  where  incoming 
and  emergent  beams  are  on  the  same  side 
of  the  grating  normal. 

Dispersion  of  a  Grating.  By  differenti- 
ating the  grating  formula  (10),  we  obtain 
immediately  for  the  angular  dispersion  of  a 
grating: 

(#      dr          n 

<ZX      d\      b  cos  r 
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FIG.  10.  Fraunhofer  diffraction  patterns  for  gratings  containing  1, 2,  3, 5,  6,  and  20  equidistant  slits. 
(From  "Fundamentals  of  Optics,"  2nd  Ed.,  F.  A.  Jenkins  and  Harvey  E.  White,  McGraw-Hill  Book  Co., 
1960) 


From  the  grating  normal,  where  r  =  0,  to 
8°  off  the  normal,  cos  r  changes  only  from 
1.00  to  0.99,  so  that  dB/dX  is  nearly  con- 
stant, equal  to  n/b.  For  this  reason,  viewing 
a  grating  on  the  normal  results  in  linear 
dispersion.  The  reciprocal  linear  dispersion  is 
given  by: 


siny  d\ 
f    d$ 


sin  y  5  cos  r 
nf 


(ID 


where,  as  in  the  prism  case,  <p  is  the  angle 
between  the  central  ray  and  the  focal  curve 
and  /  is  the  focal  distance  from  the  objective 
lens  to  the  focal  curve. 
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Resolving  Power.  From  the  fundamental 
equation  (1) 

dff 

R  -  w  — 
d\ 

where  w,  the  effective  aperture  width,  in  the 
case  of  a  grating  can  be  written  simply  as 
the  width  of  an  individual  ruling,  6,  mul- 
tiplied by  the  total  number  of  rulings,  N, 
and  by  cos  r,  i.e.,  bN  cos  r.  Since  d0/eZX  = 
n/b  cos  r,  we  have  immediately: 

R  -  Nn.  (12) 

The  importance  of  the  number  of  lines  in 
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FIG.  11.  Interference  of  rays  from  successive 
grooves  of  a  reflection  grating. 

a  grating  has  already  been  implied  in  the 
preceding  discussion. 

However,  it  should  be  emphasized  that  it 
is  the  product,  Nn,  that  counts,  so  that  a 
6"  grating  of  30,000  grooves/inch,  where  N 
is  180,000,  will  have  no  better  resolving 
power  than  a  6"  grating  of  7500  grooves/ 
inch,  where  N  is  only  45,000,  provided  both 
gratings  are  used  at  the  same  angle;  a  line 
imaged  by  the  finer  grating  in  the  first  order 
will  be  produced  by  the  second  in  the  fourth 
order  at  the  same  dispersion  and  resolution. 
Indeed,  the  wily  significant  difference  is 
that  the  grating  of  7500  grooves/inch  will 
have  four  times  as  many  orders  at  a  given 
angle.  The  advantage  of  a  finer  ruling  is 
merely  that  it  permits  a  higher  dispersion 
in  the  first  order. 

Rowland  Ghosts.  As  the  section  on  grat- 
ing ruling  describes,  all  gratings  produced  on 
mechanical  engines  have  a  sinusoidal  varia- 
tion in  the  spacing  of  the  grooves,  with  a 
period  equal  to  one  revolution  of  the  drive 
screw,  or  some  fractional  multiple.  Such  a 
grating  will  produce,  instead  of  a  completely 


plane  or  perfectly  spherical  wavefront,  a 
sinusoidal  wavefront,  as  shown  in  Figure  12, 
the  spacing  of  which  is  determined  by  the 
number  of  grooves  in  a  revolution  of  the 
screw,  P.  Such  a  wavefront  will  produce  not 
only  the  desired  "parent"  line,  but  also  pairs 
of  Rowland  ghosts,  symmetrically  placed  on 
either  side  by  a  distance  equal  to: 


where  nf  is  the  order  number  of  the  ghost 
line,  A  is  the  wavelength  of  the  parent  line, 
n  is  the  order  of  the  parent  line,  and  P  is  the 
number  of  grooves  cut  in  one  revolution  of 
the  spacing  screw.  The  intensity  of  the 
ghosts  is  given  by: 


where  Ig  is  the  intensity  of  the  ghost,  /o  of 
the  parent  line,  n  is  the  order  of  the  parent 
line,  e  is  the  total  spacing  error  in  a  period, 
and  b  is  the  grating  constant. 

A  practicing  spectroscopist  can  identify 
the  Rowland  ghost  structure  of  his  particular 
grating  by  examining  a  heavily  exposed 
simple  spectrum,  such  as  Eg  or  Cu.  On  each 
side  of  the  heaviest  lines,  in  equally  spaced 
pairs,  the  Rowland  ghosts  will  appear. 
There  may  be  three  or  four  on  each  side, 
of  which  the  closest  to  the  parent  line  is 
usually  the  strongest. 


929IP9|92 


FIG.  12.  Wavefront  from  a  grating  with  a  regu- 
lar periodic  error. 
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It  will  be  noted  that  the  ghost  intensity 
increases  with  the  order  number  (or,  more 
fundamentally,  with  the  angle  of  use  of  the 
grating).  It  is  common  practice  for  manu- 
facturers to  hold  Rowland  ghost  intensities 
to  less  than  Mooo  for  the  first  order  of  a 
grating  of  15,000  grooves/inch  (600  grooves/ 
cm).  This  corresponds  to  less  than  Kooo  *& 
the  first  order  for  7500  grooves/inch,  or 
J^50  for  30,000  grooves/inch.  (See  also 
Gratings,  Production  of,  p.  173). 

Lyman  Ghosts.  Lyman  ghosts  are  spuri- 
ous lines  produced  by  two  periodic  errors  in 
the  ruling  engine  interacting  to  produce  lines 
which  appear  in  the  ultraviolet  or  infrared 
far  removed  from  the  parent  line.  Lyman 
ghosts  in  a  grating  can  be  detected  by  taking 
very  heavy  exposures  of  a  monochromatic 
source,  e.g.,  Hg  4358  A  isolated  by  a  filter, 
and  looking  for  weak  lines  in  the  ultraviolet 
or  visible. 

The  spurious  lines  may  appear  in  pairs  or 
quartets,  at  a  mean  wavelength  which 
should  be  some  simple  fraction  of  the  parent 
line,  for  example,  %,  %,  ^,  or  at  %,  %, 
etc.  Lyman  ghosts  are  usually  held  well 
below  Moooo  the  intensity  of  the  parent 
line,  and  hence  are  almost  never  detected 
in  spectrochemical  analysis. 

Intensity  Distribution  of  a  Grating. 
Modern  gratings  are  blazed  to  concentrate 
the  radiation  in  a  desired  wavelength  region. 
In  a  reflection  grating  the  diamond  is  set  to 
produce  a  groove  which  will  act  like  a  mi- 
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FIG.  13.  Theoretical  intensity  distribution  of  a 
blazed  grating,  jjj^jfc  IvLJMJA^i^toj 
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nute  mirror  to  reflect  light  in  the  desired 
direction,  as  drawn  in  Figure  11  for  rays 
w,  w*. 

The  blaze  angle,  0,  depends  on  the  geom- 
etry of  the  application,  and  in  the  general 
case  should  be  determined  from  a  ray  sketch. 
The  relationships  are  simple  in  special  cases. 

In  a  littrow  or  under-over  Ebert  mount- 
ing, where  i  =  r,  0  =  i.  In  a  Rowland, 
Abney  or  Wadsworth  concave  mounting, 
where  r  =  0,  ft  =  i/2. 

At  times,  particularly  in  the  coarser  rul- 
ings, as  much  as  75  or  80%  of  the  radia- 
tion of  a  particular  wavelength  incident  on 
the  grating  may  be  concentrated  into  a  single 
order. 

Since  an  individual  groove  of  a  grating 
may  approach  the  wavelength  of  the  light 
desired  (for  a  grating  of  30,000  grooves/ 
inch  the  rulings  are  8470  A  apart),  it  cannot 
be  100%  efficient,  even  if  it  were  possible 
to  control  its  shape  exactly.  Theoretically, 
the  radiation  reflected  by  the  groove  will 
have  its  blaze  m^yiTYvmn  in  the  direction  of 
specular  reflection,  and  for  a  particular  wave- 
length the  intensity  distribution  will  be 
within  the  envelope  set  by  the  diffraction 
pattern  of  a  single  slit  equal  to  the  groove 
width.  In  other  words,  the  distribution  will 
be  similar  to  Figure  1.  For  a  groove  of  .85  p, 
and  a  wavelength  of  .436  M,  the  diffraction 
envelope  will  be  very  broad.  For  a  wave- 
length of  .254  /*,  the  pattern  will  be  narrower. 
If,  for  a  particular  groove  angle,  the  patterns 
for  different  wavelengths  are  summed,  the 
over-all  intensity  distribution  will  have  a 
theoretical  distribution  as  indicated  in  Fig- 
ure 13.  The  reflectivity  of  a  grating  assumed 
to  have  80%  efficiency  at  the  blaze  wave- 
length falls  to  40%  at  %Xm  and  IJ^Xm. 

From  this  discussion  it  should  be  obvious 
that  the  blaze  of  a  grating  is  primarily  a 
matter  of  direction.  Accordingly,  a  ruling 
whose  intensity  peaks  at  6000  A  in  the  first 
order  will  normally  have  its  second  order 
peaked  at  3000  A. 

The  intensity  distribution  found  in  real 
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gratings  seldom  conforms  closely  to  the  ideal, 
since  the  groove  shape  cannot  be  accurately 
controlled.  Sometimes  a  ruling  may  turn 
out  to  have  sub-spacing  in  small  integral 
fractions.  For  example,  the  groove  itself  may 
occupy  two-thirds  of  the  spacing  distance, 
while  one-third  of  the  surface  is  relatively 
unaffected.  In  such  a  grating  the  third  order 
will  be  extremely  weak. 

The  Concave  Grating.  H.  A.  Rowland,6 
in  1882,  was  able  to  demonstrate  theoreti- 
cally and  experimentally  that  if  a  concave 
mirror  were  ruled  with  'Tines"  spaced  equally 
along  the  chord  across  its  center,  the  re- 
sultant concave  grating  would  produce 
spectra,  in  accordance  with  the  standard 
grating  formula.  The  concave  grating  re- 
quires no  separate  collimator  or  objective, 
since  it  is  both  a  dispersing  and  focusing 
element.  The  focus  for  the  spectrum  from  a 
concave  grating  is  given  by  the  formula: 

(cos  i      cos*_A       /cos  r      cos2  A 
~8~ )      \ W~I  **° 


where  i  and  r  are  the  incident  and  reflected 
angles,  p  is  the  radius  of  curvature  of  the 
concave  blank,  8  is  the  slit  to  grating  dis- 
tance, and  S'  is  the  distance  from  the  grating 
to  the  image  of  the  spectrum.  This  equation 
can  be  satisfied  by  setting  S  =  p  cos  i  and 
S'  =  p  cos  r,  the  polar  equations  for  a  circle 
of  diameter  p,  containing  the  points  S,  S' 
and  <?,  as  shown  in  Figure  14.  This  is  the 
famous  Rowland  circle.  (This  is  not  the  only 
possible  solution  to  equation  (13),  but  all 
others  except  that  discussed  later  under  the 
Wadsworth  mounting  lead  to  higher  sec- 
ondary aberrations.7) 

It  should  be  noted  that  the  grating  is 
tangent  to  the  circle  at  (?,  but  does  not 
conform  to  it.  The  radius  of  curvature  of 
the  grating  is  not  the  radius  of  the  circle, 
but  rather  its  diameter.  (The  focd  length  of 
the  concave  mirror  as  such  is  equal  to  the 
radius  of  the  circle.) 

Astigmatism  of  the  Concave  Grating. 
Unfortunately,  the  concave  grating  suffers 


from  astigmatism.  A  crosshair  or  the  edge  of 
a  diaphragm,  sector  or  stepped  filter  placed 
at  the  slit  will  not  be  in  focus  at  S'.  Instead, 
the  focus  for  a  horizontal  object  is  given  by 
the  equation: 


where  h  and  h'  are  the  distances  of  the  hori- 
zontal object  and  image  from  the  grating, 
respectively.  As  a  result  of  astigmatism  the 
spectral  image  of  a  point  slit  consists  of  a 
vertical  line  at  the  focal  curve,  parallel  to 
the  grooves  of  the  grating.  When  an  extended 
slit  is  used,  the  spectral  line  consists  of  a 
whole  series  of  overlapping  line  images  of  the 
individual  points  along  the  slit.  Therefore, 
the  slit  must  be  aligned  very  exactly  with 
the  grating  grooves  to  obtain  Tnfl.Trinmmr> 
resolution. 

The  Wadsworth  mounting  of  the  concave 
grating,  described  later,  most  plane  grating 
instruments,  and  all  prism  systems  except 
the  F&y  are  essentially  stigmatic.  Dia- 
phragms, sectors  or  other  devices  placed  at 
the  slit  will  be  sharply  focused  at  the  spec- 
trum. Stigmatic  spectrographs  can  be 
"crossed"  with  Fabry-Perot  etalons,  echelles 
or  other  interferometric  dispersing  elements. 

Because  of  the  astigmatism  of  Rowland 
circle  mountings  of  the  concave  grating  the 
illumination  in  the  image  depends  on  the 
length  of  the  entrance  slit.  The  slit  height 
must  be  increased  to  the  value: 

/sin*  r  cos  i  \ 

1  1  -     +    sin*  i  ] 

V     cosr  / 

where  I  is  the  height  of  the  ruled  grooves  in 
order  to  obtain  illumination  equal  to  that  of  a 
stigmatic  image. 

Sirks'  Focus.  Sirks8  pointed  out  that  if  a 
horizontal  object  were  placed  outside  the 
slit  at  the  point  where  the  optical  axis  inter- 
sected the  tangent  to  the  Rowland  circle  at 
/$',  the  image  would  fall  at  8'  (see  Figure  14, 
where  H  is  the  position  of  Sirks'  focus). 

In  an  astigmatic  spectrograph  the  height 
of  the  spectrum  is  normally  controlled  by  a 
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FIG.  14.  Rowland  circle  focal  curve  of  a  con- 
cave grating. 

diaphragm  at  the  plateholder,  and  a  com- 
parison spectrum  may  be  exposed  by  moving 
the  diaphragm.  However,  stepped  sectors  or 
filters  used  for  emulsion  calibration  must  be 
placed  at  the  Sirks'  focus,  which  in  the 
higher  orders  may  become  impractical  be- 
cause of  the  distance  involved. 

Wadsworth  Concave  Grating  Mount. 
Wadsworth9  pointed  out  that  if  S  =  h  =  « 
and  if  r  =  0,  the  two  equations  (13)  and  (14) 
have  the  same  solution: 


1  +  cos  i 


(15) 


8  and  h  may  be  made  equivalent  to  «>  by 
collimating  the  light  by  a  concave  mirror, 
which  then  illuminates  the  grating,  r  can  be 
maintained  at  zero  if  the  plateholder  is 
mounted  on  the  normal  to  the  grating.  When 
these  two  conditions  are  met,  the  image 
becomes  stigmatic. 

Interferometric  Dispersing  Elements 

A  grating  has  many  grooves  and  the  spec- 
trum is  formed  by  many  individual  rays 


spactrtr       \achromat  <fringe  pattern 

(a)  (b) 

FIG.  15.  (a)  Arrangement  of  Fabry-Perot  eta- 
Ion  in  front  of  a  spectrograph.  (b)  Appearance  of 
interference  fringes  projected  on  slit. 
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whose  path  difference  is  one,  two,  three  or 
some  other  small  integral  multiple  of  the 
wavelength.  In  the  case  of  interferometric 
dispersing  elements,  a  limited  number  of  rays 
interact  and  the  path  difference  amounts  to 
thousands  of  wavelengths. 

Fabry  Perot  E  talon.  As  an  illustration 
of  the  action  of  an  interferometer,  consider 
the  Fabry-Perot  etalon,  the  most  commonly 
used  element  of  this  type,  shown  in  Figure 
15.  The  Fabry-Perot  etalon  consists  of  two 
quartz  or  glass  plates,  one  face  of  each 
worked  very  flat  (J^oth-Mooth  fringe),  par- 
tially aluminized  and  separated  by  a  spacer 
which  renders  the  two  faces  exactly  parallel. 
The  outer  faces  form  a  small  wedge  angle 
with  the  working  faces  to  prevent  spurious 
fringes.  Any  ray  entering  the  etalon  will  be 
reflected  back  and  forth  between  the  faces, 
and  at  each  reflection  some  radiation  will  be 
transmitted.  There  will  be  some  five  to 
thirty  successive  transmitted  rays,  which 
result  from  a  single  incident  ray,  and  these 
will  be  in  a  position  to  reinforce  each  other 
if  the  path  distances  between  the  two  inter- 
nal faces  are  integral  multiples  of  the  wave- 
length. The  condition  for  obtaining  a  bright 
fringe  will  be  given  by  nX  =  2  t  cos  B  =  2  t, 
approximately,  since  0  is  small,  (see  Figure 
15).  Strictly,  the  pattern  projected  on  the 
slit  of  the  spectrograph  will  be  a  series  of 
concentric,  circular  interference  fringes 
governed  by  the  relation: 


where 

n  is  the  order  of  interference  at  the  center  of 

the  ring  system, 
t  is  the  separation  of  the  plates, 
D  is  the  diameter  of  a  particular  ring  of 

wavelength  X, 
/  is  the  focal  length  of  the  lens  which  projects 

the  fringes  on  the  slit. 

The  first  term,  2J/X,  represents  the  integral 
order  of  interference  of  the  innermost  ring 
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and  the  term 


8/ 


represents  the  fractional  order  between  a 
ring  of  diameter  D  and  the  center. 

Since  the  separation  of  the  plates  is  not 
known  to  the  required  accuracy,  t  must  first 
be  determined  by  measurements  on  a  known 
wavelength  standard.  Thereafter  it  becomes 
possible  to  measure  the  wavelengths  of  un- 
known lines  to  thousandths  of  an  Angstrom, 
if  the  lines  themselves  are  sufficiently  sharp. 

As  the  thickness  of  the  aluminized  or 
multiple-layer  coating  increases,  the  num- 
ber of  the  reflections,  and  hence  of  the  inter- 
fering rays,  increases,  so  that  the  fringes 
become  sharper.  Since  the  absorption  also 
becomes  greater,  the  intensity  of  the  pattern 
falls  and  there  is  a  useful  limit.  85  %-90  % 
reflectivity  is  generally  considered  the  best 
compromise  between  high  resolution  and  low 
intensity.  Quantitatively,  the  resolving 
power  is  given  by 


Vr  3V? 

<*X       VO5  "  (1  -  r)  ~  ""  1  -  r 


(17) 


where  3\/r/(l  —  r)  can  be  considered 
physically  as  a  measure  of  the  effective 
number  of  interfering  beams.  In  other  words, 
X/dX  =  Nn,  as  with  the  grating. 

For  X  =  6461,  t  =  10  mm,  r  =  .9,  we 
have 


2.0 


d\      1  -  .9    5.46  X  10-« 


=  28.5.36,700=1,045,000 


In  other  words,  for  a  reflectivity  of  90%, 
we  have  effectively  28^  interfering  rays, 
with  a  path  difference  between  successive 
rays,  for  a  10  mm  separation  of  36,700  wave- 
lengths of  5461  A,  interfering  to  give  a  re- 
solving power  in  excess  of  one  million. 

The  Fabry-Perot  etalon  is  a  relatively 
simple  device  which,  nevertheless,  achieves 
the  highest  resolution  of  any  known  optical 
element.  Wavelength  measurements  can  be 
made  to  thousandths,  or  even  ten  thou- 


sandths, of  an  Angstrom.  The  development  of 
high  reflectivity  multilayer  coatings  which 
have  relatively  low  absorption  has  greatly 
increased  the  effective  speed  of  the  Fabry- 
Perot  etalon  in  recent  years,  and  it  is  now 
used  almost  exclusively  for  ultra-high  reso- 
lution work,  displacing  earlier  devices  de- 
scribed below. 

The  disadvantage  of  all  such  interfero- 
metric  devices,  using  high  order  numbers,  is 
the  relatively  limited  free  spectral  range,  that 
is,  the  wavelength  range  that  can  be  covered 
in  one  order  without  overlapping  lines  from 
the  next  higher  or  lower  order.  For  a  Fabry- 
Perot  interferometer,  the  free  spectral  range, 
expressed  in  A,  is  given  by  F\  =  X2/2J,  so 
that  in  the  case  above  for  Hg  5461, 


(5461)* 
2X108 


.15  A. 


Thus  a  high  dispersion,  high  resolution 
spectrograph  is  required  to  avoid  overlap- 
ping orders  in  the  Fabry-Perot  pattern.  In 
practice,  a  diameter  of  the  ring  pattern  of 
the  etalon  is  focused  on  the  slit  of  a  large 
spectrograph  and  some  overlapping  is  tol- 
erated for  lines  closer  than  1  A  to  5  A.  High- 
resolution  work  with  a  Fabry-Perot  etalon 
is  an  art,  and  the  scientist  undertaking  such 
work  should  refer  to  the  articles  by  K  W. 
Meissner  in  Journal  of  the  Optical  Society  of 
America,  starting  with  31,  405  (1941)  and 
32,  185,  (1942). 

Fabry-Perot  Interferometer.  In  the 
Fabry-Perot  etalon  described  above,  the 
separation  of  the  plates  is  semipermanently 
fixed  by  spacers;  the  Fabry  Perot  inter- 
ferometer has  one  plate  fixed,  the  other  ad- 
justable. It  can  be  used  to  measure  short 
distances  in  terms  of  light  waves. 

Echelons.  Transmission  and  reflection 
echelons  are  illustrated  in  Figures  16a  and 
b.  In  transmission,  the  successive  interfering 
beams  have  path  differences  equivalent  to 
the  thickness  of  the  plates,  expressed  in 
wavelengths;  in  reflection,  the  path  differ- 
ence is  merely  2t.  These  devices  were  sug- 
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(a)  (b) 

FIG.  16.  (a)  Transmission  echelon,  (b)  Reflec- 
tion echelon. 

gested  by  Michelson,  and  the  reflection 
echelon  is  particularly  interesting  because  it 
can  be  used  in  the  far  ultraviolet,  since  the 
light  does  not  have  to  pass  through  any  of 
the  elements,  as  in  the  Fabry-Perot  etalon. 
The  task  of  producing  such  assemblages  of 
plates  to  the  required  flatness  and  unifor- 
mity is  so  formidable  that  only  a  few  have 
ever  been  made  (all  by  Adam  Hilger,  Lim- 
ited) and  they  are  very  expensive.  Also, 
their  use  is  not  simple.  [See  W.  E.  Williams, 
Nature,  127,  816  (1931)  and  Proc.  Phys.  Soc. 
(London),  46,  699  (1933)]. 

Lummer-Gehrcke  Plate.  The  Lummer- 
Gehrcke  Plate,  developed  in  1903,10  utilizes 
the  interference  between  successive  reflec- 
tions in  a  thin  plate,  at  nearly  the  critical 
angle  of  total  reflection,  as  shown  in  Figure 
17.  The  Lummer-Gehrcke  Plate  gives  high 
resolution  and  a  relatively  bright  interfer- 
ence pattern,  but  this  advantage  has  become 
less .  important  with  the  development  of 
multilayer  coatings  for  the  Fabry-Perot 
etalon,  so  that  the  Lummer-Gehrcke  Plate 
is  now  little  used.  (For  details  on  its  use  see 
S.  Tolansky,  "High  Resolution  Spectros- 
copy,"  London,  Methuen,  1947.) 

The  Echelle.  The  most  recent  high-dis- 
persion device  is  the  echelle,  suggested  by 
G.  R.  Harrison,11  and  produced  successfully 
by  Bausch  &  Lomb  Optical  Company.  The 


echelle  can  be  considered  an  intermediate 
transition  between  a  reflection  echelon  and 
a  coarse  plane  grating.  The  Bausch  &  Lomb 
echelles  typically  have  200  grooves/inch, 
over  an  area  of  3*  X  6*,  and  are  blazed  at 
about  63°.  In  use,  the  angle  of  reflectance  is 
usually  very  nearly  the  same  as  the  angle  of 
incidence,  so  that  4500  A,  for  example,  will 
appear  approximately  in  the  500th  order. 
The  free  spectral  range  is  then  about  5-10 
A,  so  that  a  high  dispersion  spectrograph 
must  be  crossed  with  the  echelle  to  separato 
the  overlapping  orders.  An  echelle  can  be 
treated  as  a  very  coarse  grating,  to  compute 
dispersion,  resolution  and  speed. 

As  a  tool  to  record  and  analyze  the  com- 
plex spectra  of  the  heavy  elements — lan- 
thanides  (rare  earths)  or  actinides  (Th,  U 
and  transuranic  elements) — the  echelle  has 
many  practical  advantages: 

(1)  It  can  be  produced  commercially  more 
readily  than  the  echelon. 

(2)  The  lower  order  of  interference,  as 
compared  to  the  etalon,  echelon  or  Lummer 
plate,  makes  it  possible  to  employ  a  com- 
pact 1.5-3  meter  spectrograph  as  the  cross 
dispersion  element. 

(3)  Therefore,  the  entire  spectrum  from 
2000  A-10,000  A  can  be  photographed  on 
about  20*  of  spectrogram. 

(4)  Wavelengths  can  readily  be  meas- 
ured to  thousandths  of  an  Angstrom.  In- 
deed, the  limit  of  precision  is  usually  set  by 
the  source,  rather  than  the  instrument. 

Gratings  at  High  Angles.  If  a  grating 
is  tilted  to  a  high  angle  of  60-65°,  so  that 
reflections  are  obtained  from  the  steep 
rather  than  the  shallow  side  of  the  groove, 
the  effect  is  much  the  same  as  that  of  the 
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FIG.  17.  Optical  arrangement  in  the  external  mounting  of  the  Lummer-Gehrcke  plate.  (From  "Practi- 
cal Spectroscopy,"  1st  Ed.,G.  R.  Harrison,  R.  C.  Lord,  and  J.  E.  Loofbourow,  Prentice-Hall,  Inc.,  1948) 
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(Courtety  of  Bawch  &  Lomb) 


FIG.  18.  Sorted  ordergram. 


echelle.  Thus  a  grating  of  7448  grooves/inch, 
used  at  63°,  will  record  the  24th  order  of 
2537  A  or  the  llth  order  of  5461  A. 

For  a  given  wavelength,  a  grating  so  used 
will  have  the  same  resolution  and  linear  dis- 
persion as  an  echelle  or  echelon  of  compa- 
rable width  used  in  the  same  focal  length 
instrument.  For,  if  W  is  the  width,  6  the 
"ruling  constant"  (spacing)  and  n  the  order 
number,  the  resolution  will  be  given  by: 


26  sin  i 


TFsmt 

—  —  - 
N    X 


2W  sin  i 


Also,  if  /  is  the  focal  length,  and  r  the  angle 
of  reflectance,  the  linear  dispersion  (equal  to 
the  angle  of  incidence  in  the  mountings  used) 
is  given  by: 


d\ 
dl 


dkdr 
dr  dl 
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cos  r     1       b  cos 

t 
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n         /      n     / 
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2PT  sin  iA 
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Both  expressions  are  independent  of  b  and 
depend  only  on  W,  X  and  i.  This  result  is 


so  contrary  to  the  normal  conception  that 
it  is  worth  re-stating: 

The  resolution  and  dispersion  of  a  grating 
or  echelle  for  a  particular  wavelength  are  in- 
dependent of  the  grooves/inch.  The  resolu- 
tion is  determined  only  by  W  sin  i,  and  the 
dispersion  by  cot  i/2f. 

Relatively  coarse  gratings  are  preferable 
for  high  angle  use,  because  they  give 
more  overlapping  orders  and  thus  fill  in  the 
spectrum.  They  also  require  an  "order 
sorter"  to  separate  the  overlapping  orders.12 
Since  the  free  spectral  range  is  relatively 
broad,  the  order  sorter  can  be  a  low  disper- 
sion ffluminator.  A  grating  of  7500  grooves/ 
inch  used  at  18-37°  may  give  a  more  useful 
dispersion  for  analytical  work  than  a  grating 
or  echelle  at  higher  angles,  because  the  dis- 
persion and  resolution  will  not  exceed  the 
Doppler  broadening  of  the  lines  in  normal 
sources.  A  typical  order-sorted  spectrum  is 
shown  in  Figure  18. 

Illumination  of  the  Spectrograph 

The  external  condensing  system  employed 
to  illuminate  the  Spectrograph  optics  can 
markedly  affect  the  spectra  obtained.  Several 
typical  systems  are  illustrated  in  Figure  19. 
They  may  be  divided  into  two  basic  types: 
(a)  those  that  focus  the  source  on  the  slit 
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FIG.  19.  Illuminating  systems  for  spectrochem- 
ical  analysis. 

(a)  Source  projected  on  slit. 

(b)  Source  projected  on  collimator. 

(c)  Spherocylindrical  lens  projecting  vertical 
line  on  slit  and  horizontal  image  on  col- 
limator. 

(d)  Crossed  cylindrical  lenses  projecting  verti- 
cal line  on  slit  and  horizontal  image  on  col- 
limator. 

(e)  System  to  select  a  portion  of  the  source  by 
projection  on  a  diaphragm. 


and  (b)  those  that  form  an  image  of  the 
source  at  the  prism  or  grating. 

An  image  formed  on  the  slit  of  a  stigmatic 
spectrograph  will  reproduce  along  each  spec- 
trum line  the  vertical  variations  in  illumi- 
nance within  the  source  for  that  particular 
wavelength.  Therefore,  such  spectra  may  be 
employed  to  study  the  geometrical  distribu- 
tion of  temperature  or  plasma  conditions  in 
various  forms  of  spark,  arc,  flame  or  dis- 
charge tube.  Because  the  spectral  lines  re- 
produce the  source  structure,  they  are  not 
uniform  and  do  not  lend  themselves  to  highly 
repeatable  densitometer  readings  from  sam- 
ple to  sample  in  routine  quantitative  spec- 
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trochemical  analysis.  Accordingly,  system 
(a)  Figure  19  is  employed  either  to  study 
source  structure  or  as  the  simplest  means  of 
obtaining  maximum  speed. 

For  highly  accurate  quantitative  spectro- 
chemical  analysis,  particularly  if  a  stepped 
filter  or  sector  disk  is  to  be  employed  to  ob- 
tain directly  the  emulsion  characteristic 
curve,  it  is  desirable  to  obtain  spectral  lines 
uniform  in  density  to  within  several  per  cent. 
To  obtain  such  lines  three  conditions  must 
be  met  by  the  condensing  system:  (1)  The 
slit  must  be  uniformly  illuminated  along  its 
length.  This  is  normally  achieved  merely  by 
positioning  the  source  sufficiently  far  from 
the  slit.  (2)  All  the  light  rays  that  pass 
through  the  desired  slit  height  must  pass 
through  the  vertical  aperture  of  the  spec- 
trograph optics  and  play  their  part  in  form- 
ing the  final  spectral  image.  (3)  The  con- 
densing system  must  not  form  a  vertical 
image  of  the  source  anywhere  near  the  slit 
or  focal  plane,  since  this  would  partially 
reproduce  the  source  structure  in  the  spec- 
tral lines.  Conditions  (2)  and  (3)  are  met  by 
forming  on  the  prism  or  grating  an  image  of 
the  source  shorter  vertically  than  the  aper- 
ture. Typical  condensing  systems  are: 

(a)  A  single  spherical  lens  at  the  slit, 
Figure  19b,  projecting  an  image  of  the  source 
on  the  dispersing  element.  This  is  used  pri- 
marily in  prism  spectrographs  or  in  grating 
instruments  where  the  ruled  area  is  square. 

(b)  A   sphero-cylindrical  lens   placed   a 
short  distance  ahead  of  the  slit,  Figure  19c, 
forming  a  line  image  of  the  source  on  the 
slit  but  a  horizontal  image  of  the  source  on 
the  dispersing  element.  This  fij.te  a  rectangu- 
lar aperture  better. 

(c)  Two  crossed  cylindrical  lenses,  Figure 
19d,  one  as  above  forming  a  vertical  line 
image  of  the  source  on  the  slit,  the  other  at 
the  slit  projecting  a  horizontal  bar  image  of 
the  source  at  the  grating.  The  second  lens 
maintains  the  condition  for  line  uniformity 
while  the  first  fills  the  aperture  horizontally, 
the  combination  transforming  a  source  that 
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is  normally  taller  than  it  is  wide  into  an 
illuminated  patch  wider  than  it  is  tall,  more 
nearly  equal  to  the  normal  rectangular  ruled 
area  of  a  grating. 

When  it  is  desired  to  select  a  portion  of  the 
source  image  and  yet  obtain  uniform  lines, 
a  lens  or  concave  mirror  is  used  to  project 
an  enlarged  image  on  a  diaphragm  which  is 
used  to  screen  out  the  undesired  sections, 
Figure  19e.  An  image  of  the  diaphrgam  is 
then  formed  on  the  dispersing  element  by 
system  cord. 
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CURACY IN  SPECTROCHEMICAL  ANALYSIS, 
p.  99. 

PHOTOGRAPHIC  EMULSIONS: 
SPECTROSCOPIC  PROPERTIES* 

The  object  of  a  complete  theory  of  photo- 
graphic emulsions  is  to  provide  an  explana- 
tion for  the  observed  experimental  facts  and 
to  make  possible  predictions  about  the  be- 
havior of  any  given  emulsion  under  a  given 
set  of  experimental  conditions.  Although 
this  goal  has  not  yet  been  reached,  the  recent 
development  of  a  theory  of  thick  emul- 
sions1' 2  has  brought  us  a  long  step  closer  to 
it.  A  brief  outline  of  this  theory  and  its  re- 
sults will  be  given  here,  with  emphasis  on 
the  interpretation  of  physically  measurable 
quantities.  Before  describing  the  theory,  a 
few  pertinent  properties  of  an  emulsion 
should  be  reviewed. 

A  photographic  emulsion  is  comprised 
of  a  suspension  of  photosensitive  silver 
halide  crystals  or  grains  in  a  (more  or  less) 
transparent  layer  of  gelatine.  When  the 
emulsion  is  exposed  to  light,  some  of  these 
silver  haJide  grains  acquire  a  so-called  latent 
image  and  become  reducible  by  developing 
agents.  The  final  negative  image  consists  of 
all  these  reduced  silver  grains,  the  unreduced 
silver  halide  grains  having  been  removed  by 
the  fixing  bath.  Experimentally,  it  has  been 
found  that  (with  some  exceptions)  the  weight 
of  silver  per  unit  area  of  the  negative  image 
is  directly  proportional  to  the  optical  den- 
sity of  the  negative,10  showing  that  Beer's 
law  holds  for  the  reduced  silver  deposit.  The 
plot  of  density  against  the  log  of  exposure  is 
known  as  the  characteristic  curve  or  the  H 
and  D  curve  of  the  emulsion.  It  has  an  ap- 
proximate S  shape,  with  a  curved  toe  section, 
a  more  or  less  straight  section  in  the  middle, 
and  a  shoulder  section  at  high  densities.  The 
slope  of  the  straight  line  section  is  known  as 
7,  and  its  extrapolated  intercept  at  the  log 

*  From  Proc.  Colloquium  Spectr.  Intern.  VIII 
Special  issue  of  Chimia,  1960,  by  permission. 
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exposure  axis  determines  the  H  and  D  in- 
ertia i.  At  high  exposure  values  density 
approaches  the  saturation  density  A,  as  a 
limit  if  reversal  is  neglected.  Since  the  devel- 
opment of  a  grain  is  an  all-or-none  process 
density  is  also  proportional  to  the  number  of 
grains  developed,  and  the  ratio  of  density  to 
saturation  density  is  both  the  fraction  of 
grains  made  developable  by  the  exposure 
that  produced  the  density  in  question,  and 
the  probability  P(E)  that  an  average  grain 
in  the  exposed  area  will  become  developable 
after  the  exposure.  Since  any  real  emulsion 
absorbs  an  appreciable  amount  of  light  (the 
transmittance  of  the  undeveloped  SA 1  emul- 
sion to  green  light  for  example  is  less  than 
0.5  %)  the  silver  halide  grains  near  the  back 
surface  of  an  emulsion  receive  far  less  light 
than  do  the  grains  near  the  front  surface. 
This  variation  of  light  intensity  throughout 
the  emulsion  as  a  result  of  absorption  must 
be  taken  into  account  when  the  relationship 
between  exposure  and  developability  of 
grains  in  a  thick  emulsion  is  considered,  and 
this  is  precisely  the  stumbling  block  that 
could  not  be  handled  previously.  The  prob- 
lem can  be  solved,  however,  by  starting  with 
the  relationship  between  exposure  and  de- 
velopability of  grains  in  a  single-grainlayer 
emulsion  and  then  suitably  averaging  this 
function  over  the  thickness  of  the  emulsion. 
In  so  doing  we  must  take  account  of  the 
manner  in  which  the  emulsion  absorbs  light, 
and  it  is  natural  to  assume  that  this  occurs 
according  to  Beer's  law.  Assuming  Beer's 
law  to  hold,  we  shall  use  a-  to  designate  the 
absorption  cross  section  of  a  silver  halide 
grain  and  its  surrounding  small  volume  of 
gelatine,  and  a  to  designate  the  absorption 
cross  section  of  the  silver  grain  formed  from 
it  upon  development.  The  probability  P(E) 
that  a  grain  of  a  single-grainlayer  emulsion 
will  become  developable  when  subjected  to 
an  exposure  E  may  be  represented  by  a 
power  series  in  kE  where  the  constant  k  is 
proportional  to  the  absorption  cross  section 
of  a  silver  halide  grain  (without  a  contribu- 
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tion  from  gelatine,  however,  which  enters 
into  <r) 


(1) 


(q  >  1).  Under  the  assumptions  made,  the 
average  probability  P(E)  for  the  grains  of 
an  emulsion  of  thickness  d  becoming  devel- 
opable when  the  exposure  at  the  surface  of 
the  emulsion  is  E  is  obtained  from  P(E) 
simply  by  multiplying  the  terms  in  the  n-th 
power  of  kE  by  the  factor1 


(2) 


(here  No  is  the  number  of  grains  per  cubic 
centimeter  of  the  emulsion).  Further  success 
of  the  theory  now  depends  upon  the  manip- 
ulation of  the  resulting  series.  It  will  be 
easier  to  obtain  useful  results  if  the  case  of 
an  infinitely  thick  emulsion,  for  which  the 
exponentials  vanish,  is  considered  first. 
Using  equations  (1)  and  (2)  and  the  defini- 
tion of  P(E)  as  D/D,  we  obtain,  after  some 
algebraic  manipulation,  the  following  ex- 
pression for  the  "natural  density"  In  (I/I7)  of 
an  infinitely  thick  emulsion: 


(3) 


Differentiating  this  with  respect  to  In  (kE) 
gives: 

d  In  (l/T)  _  a 
<r 


,, 
d  In 


(4) 


The  natural  density  of  an  emulsion  of  finite 
thickness  d  is  a  difference  of  two  expressions 
of  the  form  (3),  and  its  slope  is  a  difference 
of  two  terms  of  the  form  (4).  Thus,  if  our 
assumptions  are  valid,  P(E)  could  be  deter- 
mined simply  from  measurements  of  the 
instantaneous  slope  of  the  H  and  D  curve, 
without  the  necessity  of  grain  counts  on 
single-grainlayer  emulsions.  Since  P(E)  ap- 
proaches unity  at  large  exposure  values  of  E 
the  limiting  slope  of  an  infinitely  thick 
emulsion  is: 
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lim 


d  In  (1/D 


-*  oe  d  In 


g 
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The  straight  line  section  of  an  infinitely 
thick  emulsion  is  asymptotic  to  equation 
(3).  The  equation  of  the  asymptote  is  ob- 
tained by  integrating  equation  (5)'  with 
respect  to  In  (kE).  This  gives 


(6) 


-&H-— 0)] 


where  C  is  an  integration  constant  which 
cannot  be  a  function  of  fc,  a  or  a.  Equation 
(6)  has  the  same  form  as  the  equation  for  the 
straight  line  section  of  the  H  and  D  curve, 


D  - 


-  logt). 


(7) 


If  an  emulsion  is  sufficiently  thick  it  will  have 
a  straight  line  section  whose  slope,  7,  will  be 
a  fair  approximation  to  the  slope  of  the  in- 
finitely thick  emulsion,  so  that  equations 
(5)  and  (6)  may  be  applied  to  it.  Equating 
the  constant  parameters  in  equations  (6) 
and  (7)  we  see  that  7  is  equal  to  the  ratio  of 
the  absorption  cross  sections  of  a  developed 
silver  grain  and  the  silver  halide  grain  (with 
the  surrounding  small  volume  of  gelatine) 
from  which  it  was  formed,  while  inertia  is 
inversely   proportional  to   the   absorption 
cross  section  of  the  silver  halide  grain  (with- 
out the  gelatine  contribution).  From  this  we 
may  deduce  that  7  will  increase  with  time 
of  development  owing  to  the  increase  in  size 
of  the  developed  silver  grains,  as  measured 
by  a,  and  will  reach  a  limiting  value  when 
all  developable  grains  have  been  fully  re- 
duced. At  the  same  time,  the  inertia  point 
will  remain  constant  since  the  expression 
for  it  does  not  depend  on  development  con- 
ditions. This  behavior  is  actually  observed 
in  normal  development  in  the  absence  of 
bromide.  The  presence  of  k  and  a-  in  equa- 
tion (6)  permits  us  to  interpret  variations  of 
7  and  inertia  in  terms  of  the  absorption  cross 
sections  of  silver  halide  grains  and  the  ab- 
sorptivity of  gelatine.  If  other  things  are 
equal,  a  large  value  of  k  implies  a  large  value 


of  cr,  a  low  value  of  7,  and  a  low  value  of 
inertia,  thus  explaining  the  combination  of 
low  contrast  and  high  sensitivity  usually 
associated  with  coarse-grained  emulsions.  A 
large  value  of  7,  on  the  other  hand,  implies 
a  small  value  of  <r,  a  small  value  of  fc,  and  a 
large  value  of  inertia,  and  explains  why  fine- 
grained emulsions  usually  have  high  con- 
trast and  low  sensitivity.  The  influence  of 
gelatine  on  <r  can  cause  an  emulsion  to  have 
low  contrast,  however,  even  if  the  inertia  is 
not  low.  Thus,  the  low  contrast  of  unsensi- 
tized  gelatine  emulsions  in  the  far  ultraviolet 
is  traced  directly  to  the  high  absorbance  of 
gelatine  in  that  wavelength  region,  while  the 
high   contrast   of  several  spectrochemical 
emulsions  near  their  longwave  sensitivity 
limit  is  correlated  with  high  inertia  values 
and  low  absorbance  of  gelatine  in  the  visible 
and  near  ultraviolet  regions.  The  variation 
of  7  as  a  result  of  reciprocity  failure  cannot 
be  explained  under  our  initial  assumptions, 
however,  for  it  implies  that,  contrary  to 
Beer's  law,  cr  varies  with  the  intensity  of  the 
exposing  radiation.  In  order  to  account  for 
the  experimental  observations  it  will  be 
necessary  to  assume  that  a-  is  a  function  of 
the  intensity  of  exposing  radiation,  passing 
through  a  mflarimiim  at  the  intensity  corre- 
sponding to  reciprocity  optimum.  Since  we 
cannot  assume  that  cr  will  vanish  altogether, 
it  must  approach  some  limiting  value  both 
at  very  low  and  very  high  intensities.  If 
this  presumed  variation  of  <r  with  intensity 
is  due  to  the  silver  halide  material  and  not 
to  gelatine,  k  should  pass  through  a  maxi- 
mum simultaneously  with  <r.  Thus,  lowest 
7  and  lowest  inertia  should  both  be  found  at 
reciprocity  optimum,  where  time  and  inten- 
sity scale  gammas  are  equal.  The  Schwarz- 
schild  coefficient  p,  which  is  used  for  quanti- 
tative description  of  reciprocity  failure,  is  in 
our  view  just  a  measure  of  the  rate  of  change 
of  a-  with  intensity.  Since  it  is  defined  as  a 
ratio  of  the  slopes  of  time  and  intensity 
scale  curves,  the  absorption  cross  section  a 
of  the  developed  silver  grains  cancels  out 
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and  p  will  be  independent  of  development 
conditions  if  the  intensity  with  which  the 
time  scale  is  produced  is  always  taken  from 
the  same  part  of  the  intensity  scale  curve. 
When  variable  development  times  are  con- 
cerned this  condition  is  best  expressed  by 
requiring  that  the  time  scale  be  produced 
with  an  intensity  capable  of  producing  a 
definite  reduced  density  D/D9  that  must  lie 
near  the  top  of  the  straight  line  section  of 
the  intensity  scale  curve  when  the  exposure 
time  is  the  same  as  was  used  for  producing 
the  intensity  scale  curve.  The  high  value  of 
D/D,  is  necessary  to  ensure  that  the  values 
of  p  obtained  are  in  accordance  with  the 
convention  requiring  p  to  be  less  than  unity 
on  the  low  intensity  side  of  reciprocity  opti- 
mum and  greater  than  unity  on  the  high 
intensity  side  of  reciprocity  optimum.  Since 
<r  must  eventually  approach  a  limit  at  very 
low  and  very  high  intensities  its  rate  of 
change  will  have  to  decrease  and  finally 
vanish  at  very  low  and  very  high  intensities, 
requiring  p  to  approach  unity  again.  There 
is  some  experimental  evidence  that  this  ac- 
tually happens4' 6  to  p.  The  predicted  varia- 
tion of  inertia  has  also  been  observed11  for  a 
number  of  spectroscopic  emulsions.  Since  all 
of  these  conclusions  on  reciprocity  failure 
follow  from  the  assumption  that  Beer's  law 
does  not  hold  for  the  undeveloped  emulsion, 
a  measurement  of  the  manner  in  which  the 
transmittance  of  an  emulsion  varies  with 
intensity  is  of  critical  importance  for  deter- 
mining the  reciprocity  failure  characteristics 
of  an  emulsion.  Measurements  at  different 
intensity  levels  are  not  available  at  present, 
even  though  the  experiments  of  Bloch  and 
Renwick8  had  shown  already  in  1916  that 
Beer's  law  is  not  obeyed  by  undeveloped 
emulsions.   Apparently  no  one  connected 
this  with  reciprocity  failure  and  their  work 
does  not  seem  to  have  been  followed  up. 

For  the  results  obtained  up  to  this  point 
the  functional  form  of  P(E)  has  been  of  no 
importance  as  long  as  it  possessed  proper 
limiting  behavior.  When  assumptions  are 
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made  concerning  the  form  of  P(E)  some 
further  very  important  conclusions  may  be 
drawn  concerning  the  behavior  of  the 
Baker-Sampson  (Seidel)  and  Kaiser  func- 
tions.8* 9'  w  Thus,  if  we  are  dealing  with  an 
emulsion  consisting  of  uniformly  sensitive 
grains  and  the  reverse  primary  process  can 
be  neglected,  P(E)  will  be  given  by  the 
Poisson  distribution  of  exposure, 


where  q  is  the  minimum  number  of  quanta 
required  to  make  a  grain  developable.  Alge- 
braic manipulation  of  equation  (3)  and  a  few 
approximations  then  show  that  a  function 
of  the  form 


'-] 

a 


(9) 


should  be  very  nearly  linear  function  of  In 
E,  with  slope  q.  When  natural  logs  are  re- 
placed by  common  logs,  this  is  just  a  vari- 
ant of  the  Kaiser  function,  written  in  the 
form  used  by  Candler:7 

A  -  $D  +  log(l  -  T).  ,,          (10) 

Since  a/<r  was  identified  with  7,  the  trans- 
formation constant  $  is  just  equal  to  q/y. 
It  is  interesting  to  note  that  the  slope  of  this 
form  of  the  Kaiser  function  remains  fairly 
independent  of  wavelength,  even  if  7  varies, 
as  Candler  has  shown.7* 8  For  a  number  of 
spectroscopic  emulsions  Candler  found  slopes 
close  to  (although  not  exactly)  two.  If  de- 
velopment of  these  emulsions  is  controlled 
to  give  a  gamma  around  two  the  transfor- 
mation constant  $  in  equation  (10)  is  nearly 
unity  and  the  whole  expression  becomes 
equal  to  the  Baker-Sampson  (Seidel)  func- 
tion. Under  these  conditions  the  Baker- 
Sampson  (Seidel)  function  will  be  as  effective 
in  linearizing  the  characteristic  curve  as  the 
Kaiser  function  is. 

Conclusions 

The  interpretation  of  the  parameters  of 
the  H  and  D  curve  and  the  Kaiser  function 
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given  by  our  theory  permits  one  to  form  an 
intelligent  understanding  of  what  may  or 
may  not  be  expected  of  a  photographic 
emulsion.  The  multiple  connections  between 
the  different  parameters  and  the  physical 
properties  of  the  emulsion  correlate  and 
explain  a  number  of  previously  unrelated 
empirical  facts  and  establish  a  foundation 
for  a  complete  theory  of  photographic  emul- 


sions. 
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ABNO  ARRAK 

PHOTOGRAPHIC  SPECTROGRAPHS 

Since  the  earliest  days  of  spectroscopy, 
spectrographs  have  been  employed  to  record 
photographically  a  permanent  record  of  a 
spectrum  under  investigation.  Among  the 
advantages  of  such  a  spectrogram  are: 

(a)  The  simultaneous  recording  of  all  lines, 
at  high  resolution  and  in  an  exposure  usually 
of  seconds. 

(b)  A  permanent  record,  not  only  of  the 
lines  which  are  specifically  sought  but  also 
of  lines  from  all  other  elements  present  in 
significant  amounts.  Thus  old  plates  may  be 
checked  for  the  presence  of  lines  not  orig- 
inally suspected  or  detected. 

(c)  The  ability,  by  measuring  the  relative 
spacing  of  unknown  and  standard  lines,  to 
determine  wavelengths  out  to  .001  A. 


Despite  the  advent  of  multiplier  photo- 
tubes, thermopiles  and  various  other  photo- 
detectors,  and  the  availability  of  high-speed 
and  extremely  sensitive  recorder  and  other 
read-out  systems,  the  fundamental  advan- 
tages of  the  photograph  assure  the  spectro- 
graph  a  continued  and  widespread  use.  Spec- 
trographs have  been  employed  industrially 
for  emission  spectrochemical  analysis.  As 
scientific  tools  they  have  been  used  to  meas- 
ure the  wavelengths  of  electronic  transitions 
in  all  the  elements,  thus  defining  the  elec- 
tronic configuration.  Study  of  the  emission  or 
absorption  spectra  of  molecular  band  sys- 
tems has  revealed  vibrational  and  rotational 
frequencies  of  the  molecule.  A  comparison  of 
the  relative  intensities  of  various  lines  per- 
mits a  determination  of  the  temperature  of 


This  article  describes  spectrographs  with 
coverage  in  the  region  2000  to  12,000  A. 
Spectrographs  for  the  region  below  2000  A 
are  described  in  the  article  on  Vacuum  Spec- 
troscopy. Concave  grating  and  plane  grat- 
ing instruments  are  discussed  on  pages  179- 
188. 

Prism  Spectrographs 

Fixed  Position  "Small"  or  "Medium" 
Quartz  Spectrographs.  To  photograph  in 
a  single  exposure  the  entire  wavelength  range 
from  approximately  2000  A  to  8000  A  or 
10,000  A,  the  most  common  instrument  is  the 
small  or  medium  quartz  spectrograph.  Un- 
fortunately, while  quartz  is  a  highly  useful 
optical  material,  since  it  has  high  transpar- 
ency and  dispersion  in  the  important  far 
ultraviolet  (2000  A-3000  A),  it  has  the  un- 
fortunate disadvantage  of  double  refraction 
and  circular  polarization.  While  double  re- 
fraction does  not  introduce  serious  aberra- 
tions in  the  image  so  long  as  the  crystal  is 
cut  so  that  its  optical  axis  is  in  a  principal 
plane  and  parallel  to  the  prism  base,  the 
circular  polarization  may  produce  a  doubling 
of  the  image  unless  the  prism  is  constructed 
according  to  Cornu,  of  identical  30°-60° 
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components  adhered  together.  One  compo- 
nent is  dextrorotatory,  the  other  levorota- 
tory;  similarly,  the  collimator  lens  may  be 
dextrorotatory,  the  camera  lens  levorota- 
tory.  Such  a  symmetrical  arrangement 
eliminates  the  doubling  of  the  slit  image 
which  would  otherwise  occur. 

The  construction  indicated  in  Fig.  1  is 
typical.  The  plate  is  inclined  at  almost  30° 
to  the  central  ray,  because  there  is  no  point 
in  attempting  to  achromatize  the  system 
and  the  focal  length  at  2000  A  is  so  much 
shorter  than  at  10,000  A.  This  tilt  has  the 
advantage  of  almost  doubling  the  linear  dis- 
persion, although  at  the  same  time  it  broad- 
ens the  line  image.  Because  wholly  uncor- 
rected  systems  may  have  such  a  curvature 
of  the  focal  field  as  to  fracture  glass  plates 
bent  to  the  required  curve,  two-element  or 
aspherical  camera  lenses  have  been  em- 
ployed to  produce  a  "flat  field". 

Much  of  the  early  work  in  spectrochemical 
analysis,  of  non-ferrous  alloys  particularly, 
was  performed  on  small  quartz  spectro- 
graphs, focal  length  for  sodium  D  about  20 
cm,  plate  size  3%"  x  4",  or  on  medium 
spectrographs,  focal  length  about  60  cm, 
plate  size  4"  x  10".  Adam  Hilger,  Ltd., 
Bausch  &  Lomb,  Gaertner,  Zeiss,  Belling- 


U.V.          Blut      Red 

FIG.  1.  Optical  path  of  a  typical  small  or  me- 
dium quartz  spectrograph. 


PIG.  2.  A  large  Littrow  quartz  spectrograph. 
To  focus  for  a  lower  wavelength  setting,  it  is  neces- 
sary to  make  the  three  adjustments  indicated  by 
the  arrows. 
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ham  &  Stanley,  Jobin  &  Yvon  have  been 
the  most  important  manufacturers. 

Medium  Glass  Spectrographs.  These 
are  similar  in  construction  to  the  medium 
quartz,  except  for  a  simple  flint  "uviol" 
prism  (transmitting  the  near  ultraviolet  to 
about  2800  A);  they  were  developed  by 
Adam  Hilger,  Ltd.,  to  increase  the  disper- 
sion and  resolution  at  the  higher  wave- 
lengths, where  the  dispersive  power  of 
quartz  becomes  really  poor. 

Littrow  Quartz  or  Glass  Spectro- 
graphs. The  Littrow  mounting  of  a  prism 
(Fig.  2)  utilizes  far  less  optical  material  than  a 
system  using  a  Cornu  prism,  and  so  is  very 
widely  used  for  applications  requiring  high 
dispersion  and  resolution,  to  reduce  the  cost 
of  the  quartz  or  glass  alone.  The  back  surface 
of  the  prism  is  silvered  or  aluminized.  In 
this  case,  a  single  lens  and  simple  30°  prism 
is  sufficient,  even  for  such  doubly  refracting 
and  birefringent  materials  as  quartz,  since 
effects  of  double  refraction  or  polarization 
introduced  to  the  entrant  beam  are  can- 
celled out  by  the  emergent  beam. 

A  typical  large  Littrow  quartz  spectro- 
graph, suitable  for  photographing  ferrous  or 
similarly  complex  spectra,  will  have  a  focal 
length  of  1.7  to  1.8  meters  and  will  require 
two  or  three  different  settings  of  a  10*  plate- 
holder  to  cover  the  wavelength  range  from 
2000  A  to  8000  A.  Accordingly,  adjustments 
must  be  provided  to  change  wavelengths. 
This  means  that  it  is  necessary  to: 

(a)  rotate  the  prism  to  bring  the  desired 
wavelength  range  on  the  plate, 

(b)  move  the  prism  and  lens  along  the 
instrument  axis  to  compensate  for  the  change 
in  focal  length  of  the  lens,  and 

(c)  tilt  the  plate  to  compensate  for  the 
variation  in  difference  of  focal  length  for  the 
extreme  rays. 

In  the  earliest  Littrow  spectrographs 
(Adam  Hilger,  Gaertner  Scientific)  these 
three  adjustments  were  made  by  three  in- 
dependent controls.  In  1929  Bausch  &  Lomb 
introduced  an  instrument  in  which  the 
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prism  and  lens  were  moved  axially  along  the 
instrument  by  a  steel  tape,  while  for  ten 
different  settings  the  prism  table  was  ro- 
tated by  a  spring  against  ten  adjustable  screw 
stops.  Plate  tilt  settings  to  correspond  were 
still  made  independently. 

Adam  Hilger,  Ltd.,  in  1936  developed  a 
fully  automatic  Littrow  spectrograph,  utiliz- 
ing a  screw  drive  to  move  the  prism  and 
lens,  with  a  cam  to  define  the  prism  rotation 
and  a  second  cam  to  set  the  plateholder  tilt. 
A  drum  secured  to  the  screw  was  calibrated 
to  read  wavelengths  directly. 

Glass  prisms  and  lenses  are  employed  in 
Littrow  spectrographs  interchangeably  with 
the  quartz,  to  produce  higher  dispersion  and 
resolution  in  the  range  above  3600  A. 

The  advantages  of  the  Littrow  prism 
mounting  are  compactness,  simplicity  of 
optics,  and  good  dispersion  and  resolution  in 
the  range  2500-3500  A,  where  the  spectra  of 
metals  are  most  complex.  Scattered  light 
resulting  from  reflections  from  the  front  face 
of  the  lens  can  present  a  major  problem, 
only  partially  alleviated  by  putting  a  mask 
across  the  middle  of  the  lens  or  by  tilting  the 
lens  a  slight  amount  vertically.  The  dispersion 
at  high  wavelengths  may  be  inadequate. 

Gaertner  Large  Quartz  Spectrograph. 
To  avoid  the  scattered  light  of  the  Littrow 
system,  Gaertner1  developed  a  spectrograph 
employing  a  Cornu  prism,  a  mirror  to  reflect 
the  light  back  parallel  to  the  entrant  beam, 
and  a  separate  camera  lens  (Fig.  3).  This 
spectrograph  also  pioneered  in  using  a  14" 
camera  for  wider  wavelength  coverage.  It 
represented  the  most  advanced  optical  de- 
sign in  prism  instruments  achieved  in  the 
United  States. 

Multiple  Prism  Spectrographs.  Because 
large  quartz  prisms  require  both  rare  and  in- 
expensive natural  crystals,  or  very  special 
and  expensive  fused  quartz,  it  is  far  less 
expensive  to  obtain  increased  dispersion  and 
resolution  in  a  prism  spectrograph  by  utiliz- 
ing a  train  of  multiple  prisms.  Zeiss  and 
Steinheil  have  pioneered  in  such  instruments. 


FIG.  3.  Optical  path  of  Gaertner  two-lens  large- 
quartz  spectrograph. 


FIG.  4.  Jobin  &  Yvon  large  quartz  spectro- 
graph. 

Several  cameras  are  offered.  A  long  focal 
length,  low  aperture  camera  is  supplied  for 
spectrochemical  analysis,  whereas  a  short 
focal  length,  high  aperture  camera  will  be 
used  for  Raman  or  similar  work.  These  two 
instruments  seem  best  suited  to  research 
applications. 

Jobin  &  Yvon  and  SoctetS  G&x&ale  d'Op- 
tique  (Huet)  in  France  have  developed  large, 
fixed  position  quartz  spectrographs  with 
focal  lengths  up  to  3  meters  and  plate-hold- 
ers up  to  54  cms  in  length,  covering  an  ex- 
tended wavelength  range  at  dispersions 
almost  double  the  standard  large  Littrow. 
The  Jobin  &  Yvon  instrument  employs  a 
concave  mirror  as  coflimator,  and  a  triple 
aplanat  camera  lens  to  produce  a  flat  field 
(Fig.  4).  The  mounting  is  vertical  so  that 
the  slit  axis  and  plateholder  are  horizontal. 
These  spectrographs  are  particularly  de- 
signed for  industrial  use. 

In  West  Berlin,  Fuess  manufactures  what 
is  probably  the  most  advanced  prism  spec- 
trograph designed  up  to  the  date  of  this 
article.  It  uses  four  fused  quartz  prisms  to 
produce  a  high  dispersion  in  a  compact  ar- 
rangement (Fig.  5).  This  is  the  only  prism 
spectrograph  which  the  author  has  seen 
with  working  resolution  adequate  to  separate 
the  .07  A  doublet  of  the  iron  triplet  at  3100 
A,  requiring  a  resolution  of  44,000. 

F6ry  Spectrograph.  In  the  Ffiry  mount- 
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ing  (Fig.  6)  manufactured  commercially  by 
C.  Beaudoin  in  France,  cylindrical  surfaces 
on  the  front  and  rear  faces  of  a  single  quartz 
prism  act  as  lenses,  so  that  there  is  only  the 
one  optical  element.  As  contrasted  to  all 
other  prism  spectrographs,  the  spectral  lines 
from  a  F6ry  mounting  are  straight,  but 
astigmatic. 

High  Aperture  Prism  Spectrographs. 
For  Raman  studies  and  for  other  work  in- 
volving low  light  levels,  several  manufac- 
turers produce  prism  spectrographs  of  gen- 
erally conventional  design  but  with  high 
aperture  ratios  (Fig.  7).  Perhaps  the  simplest 
is  the  Hilger  &  Watts  F/4  Raman  Spectro- 
graph,  which  has  a  collimator  of  60  cm 
focal  length  and  a  camera  of  20  cm  focal 
length,  both  5.1  cm  in  diameter.  The  instru- 
ment has  interchangeable  quartz  and  glass 
optics.  Hilger  &  Watts  manufactures  also  a 
large  two  prism  glass  spectrograph  with  in- 
terchangeable cameras  of  F/1.5  and  F/5.7. 


Wavelength  in  Angstroms 
2000  3000  6000 


FIG.  5.  The  Fuess  four  prism  quartz  spectro- 
graph. The  prisms  and  the  plateholder  are  rotated 
by  individual  cams  to  change  wavelength  range. 


FIG.  6.  The  Fe*ry  quartz  spectrograph. 


FIG.  7.  Typical  design  of  a  high  aperture  spec- 
trograph, where  the  focal  length  of  the  camera 
lens  is  much  shorter  than  that  of  the  collimator. 
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FIG.  8.  Dispersion  curves  for  typical  prism  and 
grating  spectrographs. 
I.  "small  quartz" 
II.  F/3.5  three  prism  quartz 

III.  "medium"  quartz 

IV.  large  Littrow  quartz 
V.  large  Littrow  glass 

VI.  1.5  meter  grating,  15,000  grooves/inch 
VII.  3.4  meter  grating,  15,000  grooves/inch 
VIII.  3.4  meter  grating,  30,000  grooves/inch 
F/0.7  glass  prism  (use  right-hand  scale) 

TABLE  1.  RECIPBOCAL  LINEAE  DISPEESION  or 
TYPICAL  PBISM  SPECTBOGBAPH,  A/MM 


Wavelengths,  A 

2300 

2700 

3100 

3700 

4500 

6000 

Small  Quartz 

18 

31 

47 

87 

162 

360 

Medium  Quartz 

6.1 

10.4 

15.6 

29 

54 

120 

Large    Quartz    Lit- 

1.9 

3.3 

5.1 

8.1 

15 

33 

trow 

Large  Glass  Littrow 

3.2 

6.7 

18 

Three  Prism  Quartz, 

11 

22 

36 

59 

100 

300 

F/3.5 

F/0.7  Glass 

190 

700 

In  France,  Soci6t6  G6n6rale  d'Optique 
specializes  in  high  aperture  quartz  and  glass 
prism  spectrographs.  These  include  an 
F/0.7  glass  spectrograph  and  a  highly  cor- 
rected three  prism  F/3.5  quartz  spectro- 
graph capable  of  resolving  the  Fe  3100  A 
triplet  at  a  dispersion  of  36  A/mm. 

Dispersion  curves  for  typical  prism  spec- 
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trographs  are  shown  in  Fig.  8.  The  data  used 
for  these  curves  are  presented  in  Table  1. 
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PRECISE  OBSERVATION  AND  EMPIRICAL 
CLASSIFICATION*:  HISTORY 

More  than  two  centuries  elapsed  between 
Newton's  observation  of  the  dispersion  of 
white  light  by  a  prism,  in  the  year  1666,  and 
the  achievement  of  any  notable  success  in 
the  interpretation  of  spectral  regularities. 
Early  in  the  nineteenth  century  Wollaston 
and  Fraunhofer  discovered  independently 
the  dark  lines  superposed  on  the  continuum 
of  the  solar  spectrum.  In  1860  Foucault  ob- 
served that  the  brigjht  yellow  lines  charac- 
teristic of  a  sodium  flame  changed  to  dark 
lines  on  a  bright  background  when  the  flame 
was  placed  between  a  brilliant  arc  and  the 
slit  of  a  spectroscope.  He  also  noticed  that 
these  lines  were  in  the  same  position  as  the 
D-lines  of  the  solar  spectrum.  This  marked 
the  beginning  of  identification  of  elements  in 
the  sun  and  other  celestial  sources.  At  about 
the  same  time,  Kirchhoff  announced  the  laws 
governing  absorption  and  emission  of  ra- 
diation that  bear  his  name.  These  laws 
provided  an  explanation  of  the  reversal  of 
spectral  lines  and,  in  a  sense,  marked  the 
beginning  of  astrophysics. 

Angstrom's  first  detailed  solar  map  is  now 
only  of  historical  interest,  but  is  remembered 
on  account  of  the  introduction  of  the  unit  of 
wavelength. 

The  real  beginning  of  precision  spectros- 
copy  is  identified  with  Rowland's  develop- 

*  The  second  in  a  consecutively  developed  se- 
ries of  articles  on  fundamentals  of  Optical  Emis- 
sion Spectra:  see  Introduction:  Designation  and 
Description  of  Spectra  for  list  of  topics,  p.  202. 


ment  of  a  machine  for  ruling  diffraction 
gratings  of  satisfactory  optical  quality.  This 
program  was  first  reported  in  1882.  Row- 
land's gratings  found  their  way  to  leading 
universities  and  research  centers  in  the 
United  States  and  in  Europe  and  figured  in 
most  of  the  important  spectroscopic  investi- 
gations during  the  next  half  century.  The 
precision  of  wavelength  measurement  attain- 
able by  use  of  these  gratings  made  possible 
the  discovery  and  formal  representation  of 
numerical  regularities  in  spectra.  Rowland 
published  a  map  of  the  solar  spectrum  cover- 
ing the  entire  region  then  accessible  to  pho- 
tography. In  many  respects  the  spectrograms 
that  were  incorporated  into  this  work  have 
never  been  surpassed.  Rowland  also  set  up  a 
system  of  wavelength  standards  based  on  the 
law  of  superposition  of  grating  orders.  This 
law  may  be  briefly  stated  as  follows:  Spectral 
lines  of  various  grating  orders  arc  coincident 
in  position  when  the  products  of  the  wave- 
lengths by  the  respective  order  numbers  are 
equal.  For  example,  the  third  order  of  4000 
A  is  coincident  with  the  second  order  of  6000 
A  or  the  first  order  of  12000  A.  Rowland's 
standards  provided  the  basis  for  wave- 
length measurement  until  superseded  by  the 
system  of  international  standards  based  on 
interferometric  determinations  initiated  by 
Fabry  and  his  associates  just  after  the  turn 
of  the  century.  These,  in  turn,  had  followed 
and  were  dependent  upon  Michelson's  evalu- 
ation of  the  length  of  the  standard  meter  in 
terms  of  the  equivalent  number  of  wave- 
lengths of  the  red  cadmium  line. 

As  soon  as  precise  methods  of  observing 
spectra  became  possible,  following  the  intro- 
duction of  the  Rowland  gratings,  a  large 
amount  of  spectral  data  were  accumulated, 
that  originated  mostly  in  the  source  ele- 
ments that  are  placed  in  the  first  two  col- 
umns of  the  periodic  table.  This  work  is  as- 
sociated mainly  with  the  names  of  Kayser 
and  Runge  in  Germany,  and  with  that  of 
Rydberg  in  Sweden.  As  might  have  been  ex- 
pected, atomic  hydrogen,  which  possesses 
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the  simplest  spectrum  of  all  the  elements, 
and  which  is  conspicuous  in  stellar  spectra 
of  certain  types,  was  the  first  for  which  the 
wavelengths  of  the  visible  lines  could  be  re- 
lated by  a  simple  formula.  This  was  accom- 
plished by  Balmer  in  1885.  The  original 
formulation  was 


nf  -  nf 

in  which  h  =  3645.6  A,  ni  =  2,  and  n2  = 
3,  4,  5,  6  •  •  •  for  the  series  starting  in  the 
visible  red  region  with  X  —  6562  A,  known 
as  H*.  Later  in  the  hands  of  Rydberg  and  Ritz 
the  formula  was  changed  into  the  following 
equivalent  form  to  give  the  wave  numbers 
of  the  series  members: 


~"T2)»    where  nj- 2,3,4  • 


This  formula,  which  was  in  accord  with  the 
more  general  series  formulas  developed  in 
the  same  period,  will  be  given  more  extended 
discussion. 

The  spectra  of  the  alkalis  and  of  the  alka- 
line earths,  which  are  comparatively  simple, 
show  obvious  regularities  consisting  of  long 
series  of  doublets  in  the  instance  of  the 
former  and  of  triplets  in  the  instance  of  the 
latter.  Similarly  conspicuous  triplet  series  are 
characteristic  of  the  spectra  of  zinc,  cad- 
mium, and  mercury.  No  satisfactory  formula 
for  representing  these  series  was  found  until 
the  wavelengths  were  converted  to  wave 
numbers.  The  first  successful  formula,  ap- 
plied in  the  first  instance  to  the  alkali  spec- 
tra, was  discovered  by  Rydberg.  It  is  of  the 
form 


ond  or  running  term  goes  to  zero.  When  n 
takes  its  starting  or  smallest  value,  the  value 
of  vn  is  that  of  the  first  line  of  the  series.  The 
letter  R  is  used  to  designate  the  Rydberg 
constant.  Strictly  speaking,  this  is  not  a 
constant,  but  is  a  quantity  that  varies  by  a 
small  amount  from  atom  to  atom,  increasing 
with  increasing  atomic  number,  but  ap- 
proaching a  constant.  Since  the  interpreta- 
tion of  this  quantity  is  an  important  feature 
of  the  early  development  of  atomic  theory, 
further  discussion  is  reserved  for  that  sec- 
tion. The  letter  ju  in  the  denominator  of  the 
running  term  was  used  to  designate  a  numeri- 
cal correction  to  n.  It  is  characteristic  of  the 
particular  series  and  in  general  not  a  whole 
number.  Four  series  were  found  in  these 
simple  spectra.  Various  names  were  given 
these  series,  but  the  following,  based  partly 
on  the  physical  characteristics  cf  the  lines, 
are  generally  used:  principal,  sharp,  diffuse, 
and  fundamental.  Each  series  is  character- 
ized by  its  own  limiting  term  and  correction 
constant  in  the  denominator  of  the  running 
term.  Interrelationships  were  found  among 
the  various  series  that  indicated  that  the 
first  or  limiting  term  had  the  same  general 
form  as  the  running  term.  These  relationships 
are  known  as  the  Rydberg-Schuster  and 
Runge  laws  and  are  included  in  the  following 
formulas  representing  the  four  series: 

Principal  series 


Sharp  series 


According  to  this  expression,  the  wave  num- 
ber of  a  spectral  line  in  the  series  is  equal  to  Diffuse  series 
the  difference  of  two  terms.  The  first  term  is 
the  wave  number  of  the  limit  of  the  series. 
This  is  apparent  since  n  represents  a  series  of 
increasing  integers.  As  n  increases,  the  sec- 
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Fundamental 


R 


(2 


R 

(n  +  F)*' 

n  =  3,4,5, 


For  characterizing  spectral  lines  these  same 
formulas  were  written  in  a  shorthand  nota- 
tion of  which  the  following  is  typical: 

IS  -  nP 
IP  -  nS 
IP  -nD 
W  -  nF 

The  coefficients  are  the  integral  parts  of  the 
Rydberg  denominators  associated  with  the 
particular  transitions  represented.  This  same 
notation  with  appropriate  extensions  has 
survived  in  the  system  now  in  use. 

When  the  members  of  a  series  were  made 
up  of  two  or  more  components,  each  com- 
ponent was  treated  as  forming  its  own  series 
and  an  appropriate  notation  was  introduced 
to  cover  these  cases.  An  interesting  feature 
of  a  sharp  series  is  that  the  running  term  is 
always  single.  Hence  all  members  show  the 
same  doublet  or  triplet  separations  (in  wave 
numbers)  as  the  limiting  term. 

The  various  possibilities  of  representation 
of  actual  frequencies  by  differences  between 
terms,  as  illustrated  by  the  Rydberg-Schus- 
ter  and  Runge  laws,  are  included  in  a  broader 
generalization  known  as  the  Ritz  combina- 
tion principle.  It  permits  the  prediction  of 
many  lines  not  included  in  the  usual  series. 
If  we  represent  the  Rydberg  equation  in 
somewhat  more  general  form, 


A 

+ 


R 
fa  + 


new  series  or  new  combinations  are  predicted 
when  HI  is  made  larger  than  in  the  limit  of 
the  usual  series.  Many  such  combination 
lines  are  observed. 

Analysis  of  the  spectra  of  a  considerable 
number  of  elements  in  the  categories  noted 
was  accomplished  just  after  the  turn  of  the 


century.  Most  of  the  series  could  be  repre- 
sented by  a  Rydberg  formula*  Essentially  all 
the  results  of  these  analyses  are  contained  in 
two  publications,  "A  Report  on  Series  in 
line  Spectra,"  by  Fowler,1  and  "Serienge- 
setze  der  Linienspektren,"  by  Paschen  and 
G6tze.2  The  latter  also  contains  the  essential 
features  of  the  analysis  of  the  neon  spectrum 
by  Paschen,8  a  classic  work  marking  the  first 
success  in  the  interpretation  of  a  new  class 
of  spectra. 

The  Rydberg  formula  is  to  be  regarded  as 
an  approximation,  relatively  precise  in  the 
instance  of  series  in  the  spectra  of  many  ele- 
ments. Assuming  R  to  be  a  general  constant, 
it  is  a  two-constant  formula  permitting  an 
entire  series  to  be  predicted  where  two  mem- 
bers have  been  observed.  Even  when  the 
formula  is  inadequate  to  represent  series  pre- 
cisely, it  is  of  considerable  help  in  locating 
unidentified  members  among  spectral  data. 
An  extensive  table  has  been  perpared  by  the 
Departments  of  Physics  and  Astronomy  at 
Princeton  University  of  the  values  of  the 
function  R/(n  +  /O2  for  the  entire  range  of 
expected  values  of  the  denominator. 

For  more  precise  representation  of  series, 
formulas  using  more  constants  in  the  denomi- 
nator of  the  expression  for  the  term  have 
been  developed  by  Hicks  and  by  Ritz.  Two 
forms  of  the  Ritz  equation  have  been  found 
most  generally  useful: 

R 


and 


R 


(n  +  a  + 


It  is  to  be  noted  that  in  the  second  expres- 
sion the  running  term  itself  is  included  as  a 
correction  in  the  denominator.  More  elabo- 
rate formulations  extend  the  denominators 
into  a  longer  power  series. 

These  formulations  are  empirical,   but 
subsequent  developments  demonstrate  that 
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their  authors  displayed  remarkable  intuition, 
because  the  term  structure  of  spectra  is  now 
firmly  established  and  the  detailed  features 
of  the  formulas  in  general  have  a  physical 
justification. 

The  formula  for  representing  hydrogen 
spectra  may  also  be  considered  as  a  special 
modification  of  the  Rydberg  formula.  If  the 
corrections,  designated  /i,  to  the  denomina- 
tors in  the  general  form  of  the  Rydberg  equa- 
tion become  zero,  the  equation  reduces  to 


This  is  the  general  series  equation  for  hydro- 
gen. 

When  ni  is  taken  as  2  we  obtain  the  Ryd- 
berg formula  for  Balmer's  series.  In  accord- 
ance with  the  Ritz  combination  principle, 
other  series  are  found,  when  n\  is  taken  as  1, 
or  other  integers.  In  each  instance  n2  begins 
with  an  integer  larger  by  one  than  HI  . 

The  series  are  named  in  each  instance  for 
the  discoverer.  Following  are  the  names,  to- 
gether with  the  values  of  n\ ,  from  which  the 
complete  formulas  may  be  constructed: 


Lyman  series: 
Balmer  series 
Paschen  series: 
Brackett  series: 
Pfund  series: 


m-1 
ni  —  2 
ni  =  3 
m-4 
ni  «  5 


Humphreys  series:  n\  «  6 

The  values  of  the  wave  numbers  may  be 
calculated  from  the  Rydberg  constant  for 
hydrogen  and  the  values  of  TH  and  n2 .  The 
Lyman  series  is  completely  in  the  extreme 
ultraviolet,  the  first  line  being  at  1215  A. 
The  last  four  are  all  in  the  infrared.  The  first 
five  series  have  been  known  for  many  years, 
but  the  last  was  not  found  until  1952.*  The 
first  line  of  this  series  and  the  only  one  so 
far  observed  is  at  approximately  125,000  A. 

The  theoretical  interpretation  of  the  hy- 
drogen formula  represented  the  beginning 
of  the  development  of  atom  mechanics  and 
the  quantum  theory  of  spectra. 

While  it  is  intended  to  call  attention  to 
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currently  held  views  regarding  the  origin  of 
spectra  in  accordance  with  accepted  theories 
of  atomic  structure  and  to  point  out  the 
physical  basis  of  the  modes  of  representation 
of  spectral  features,  no  detailed  development 
will  be  attempted.  A  large  selection  of  refer- 
ence books  is  available  that  present  the  ma- 
terial in  varying  amounts  of  detail  and  with 
special  emphasis  on  particular  topics.  The 
classic  work  is  "Atombau  und  Spektralli- 
nien"  by  A.  Sommerfeld,6  the  indexed  refer- 
ence being  to  the  latest  English  edition.  The 
following  books  are  concerned  entirely  with 
atomic  spectra  and  contain  an  extensive 
and  detailed  treatment  of  the  theory:  "The 
Structure  of  Line  Spectra,"  by  Pauling  and 
Goudsmit6;  "Introduction  to  Atomic  Spec- 
tra" by  White7;  and  "Atomic  Structure  and 
Atomic  Spectra"  by  Herzeberg.8  Important 
sections  dealing  with  atomic  emission  spectra 
are  to  be  found  in  "Atoms,  Molecules,  and 
Quanta,"  by  Ruark  and  Urey,9  and  in  "In- 
troduction to  Modern  Physics,"  by  Richt- 
myer  and  Kennard.10  A  summary  account 
of  spectral  features  and  spectral  notation, 
together  with  tables  useful  in  analysis,  and 
descriptions  of  representative  spectra  is  in- 
cluded in  the  "American  Institute  of  Physics 
Handbook,"11  this  particular  section  having 
been  prepared  by  Dieke.  "Theory  of  Atomic 
Spectra,"  by  Condon  and  Shortley12  is  a  rig- 
orous presentation  going  beyond  the  scope 
of  the  other  references.  Frequent  reference 
will  be  made  to  "Atomic  Energy  Levels,  by 
Moore,"18  a  compilation  of  the  known  levels 
of  all  spectra  observed  and  analyzed. 

A  more  recent  treatise  that  includes  a  dis- 
cussion of  atomic  spectra  is  "Atomic  Phys- 
ics" by  Finkelnburg.14 

Professor  Bengt  Edl6n  of  the  University  of 
Lund  has  prepared  a  comprehensive  and  de- 
tailed volume  on  "Atomic  Emission  Spectra" 
for  the  Springer  Encyclopedia,  now  in  press. 
It  is  expected  that  Edl&i's  modern  and  read- 
able treatment  of  the  subject,  appearing 
many  years  after  any  of  the  listed  general 
references,  will  find  widespread  acceptance. 
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RARE  EARTHS  MICROANALYSES 

This  article  outlines  the  chemical  isolation 
and  spectrographic  determination  of  small 
quantities  (100  micrograms  or  less)  of  rare 
earths.  The  need  for  such  analyses  may  arise 
either  because  the  concentration  of  the  rare 
earths  in  the  sample  is  low,  or  because  the 
sample  itself  is  small.  Rare  earths  affect  the 
properties  of  many  metals,  ceramics,  phos- 
phors, semiconductors  and  electronic  parts, 
and  must  often  be  determined  at  microgram 


or  sub-microgram  levels.  Samarium,  euro- 
pium, gadolinium  and  dysprosium  strongly 
absorb  thermal  neutrons.  All  nuclear  fuels, 
construction  materials  and  auxiliary  devices 
used  in  a  nuclear  reactor  must  therefore  be 
checked  to  make  sure  that  the  concentration 
of  these  rare  earths  does  not  exceed  a  few 
tenths  of  a  part  per  million.  Small  concentra- 
tions of  rare  earths  are  also  of  interest  in 
mineralogical,  geochemical,  botanical  and 
biochemical  studies. 

Rare  earths  are  among  the  most  abundant 
products  of  the  fission  of  uranium  and  plu- 
tonium  nuclei.  They  must  be  determined  at 
various  stages  in  the  processing  of  spent  nu- 
clear fuels.  Since  fission  product  rare  earths 
are  extremely  radioactive,  the  total  sample 
size  must  be  kept  small,  and  appropriately 
sensitive  procedures  are  needed. 

Spectrographic  methods  are  widely  used 
for  this  type  of  analysis.  Sample  preparation 
technique  depends  on  the  size  and  gross 
composition  of  the  sample,  and  on  the  degree 
of  sameness  of  samples.  If  the  concentration 
level  of  the  element  determined  is  high 
enough,  if  no  spectral  line  interferences  exist, 
and  if  a  large  number  of  grirmlflr  samples  are 
to  be  analyzed,  no  chemical  pretreatment  is 
necessary.  The  sample  is  finely  ground  to- 
gether with  suitable  diluents  and  internal 
standards,  and  exposed  by  D.C.  arc  tech- 
niques.12'1^14 

If  rare  earth  concentrations  axe  low,  how- 
ever, and/or  spectral  lines  of  the  matrix  com- 
ponents interfere  with  rare  earth  lines,  and/ 
or  samples  are  variable  in  gross  composition 
or  size,  the  rare  earth  group  must  be  chem- 
ically isolated  and  concentrated.  Typical 
methods  are  listed  below  under  two  cate- 
gories: Carrier-free  and  Carrier  methods. 

Chemical  Concentration  of  Rare  Earths 

Carrier-free  procedures  produce  an  undi- 
luted sample  and  permit  the  greatest  abso- 
lute sensitivity  of  detection.  Unless  moni- 
tored with  radioactive  tracers,  however, 
these  procedures  must  be  performed  very 
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carefully  to  avoid  losses.  Carrier  methods  are 
somewhat  inferior  in  absolute  sensitivity,  but 
are  not  subject  to  error  from  losses  during 
isolation. 

Carrier-Free  Methods.  (1)  Thenoyl- 
trifluoroacetone  (TTA):1  Quantitatively  ex- 
tracts rare  earths  from  aqueous  solutions  of 
pH  >  4.  Can  be  used  to  isolate  rare  earths 
from  a  large  number  of  other  elements  by 
performing  an  extraction  at  pH  1,  discarding 
the  organic  layer,  raising  the  pH  of  the  aque- 
ous to  4.5,  extracting  rare  earths,  discarding 
the  aqueous,  and  stripping  the  TTA  layer 
with  1-1  HC1. 

(2)  Celhdose   pulp:*    Filter    paper    pulp 
which  has  been  soaked  in  an  ether-HNOs 
mixture  will  adsorb  rare  earths  from  a  sam- 
ple dissolved  in  this  mixture.  Since  the  pulp 
does  not  adsorb  Th  or  II  from  this  solution, 
micrograms  (or  milligrams)  of  rare  earths 
can  quickly  be  separated  from  grams  of  Th 
or  U  by  this  procedure.  The  rare  earths  are 
stripped  from  the  pulp  with  HNOs  at  pH  2. 
The*  few  micrograms  of  residual  Th  or  U 
which  may  accompany  these  rare  earths  may 
be  removed  by  repeating  this  procedure,  or 
by  TTA  extraction. 

(3)  Cupferron?  If  the  major  constituent 
does  not  form  an  insoluble  cupferrate,  the 
rare  earth  cupferrate  may  be  formed  in  an 
aqueous  medium,  extracted  into  chloroform, 
and  recovered  by  alkali  stripping  or  by  evap- 
oration and  wet-ashing. 

(4)  Removal  of  major  constituent:  (a)  By 
electrolysis:  Ferrous  alloys,  etc.,  may  be  elec- 
trolyzed  into  a  mercury  cathode.  The  rare 
earths,  which  remain  in  solution  may  be  con- 
centrated and  purified  by  TTA  extraction, 
(b)  By  liquid-liquid  extraction:  In  QM  HC1 
solution,  uranium,  zirconium  and/or  iron 
may  be  extracted  away  from  rare  earths  with 
tri-isooctylamine.4   Thorium   may   be    ex- 
tracted from  aqueous  media  at  pH  1.0  with 
TTA,5  leaving  rare  earths  in  the  aqueous 
layer,  (c)  By  ion-exchange:  Thorium8  and 
plutonium7  can  be  adsorbed  from  8M  HN08 
solution  by  strongly  basic  anion  exchange 
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resins;  uranium7  is  similarly  adsorbed  from 
6N  HC1  solution,  and  Zr  from  O.LAT  HjfiO* 
solution.8  In  all  cases,  the  rare  earths  are 
not  adsorbed.  Alternatively,  zirconium  may 
be  passed  through  a  cation  column  as  the 
anionic  fluoride  complex,  while  the  rare 
earths  are  retained.9 

Carrier  Methods.  These  are  essentially 
precipitation  methods,  though  other  tech- 
niques may  be  used  to  aid  in  purification  of 
the  product.  In  carrier  methods,  a  small 
quantity  (usually  10-50  mg)  of  some  pure 
rare  earth  (or  chemically  similar)  compound 
is  added  to  the  sample,  and  the  desired  rare 
earths  co-precipitated  with  it.  This  "car- 
rier" facilitates  handling  of  microgram 
amounts  of  rare  earths,  and  usually  serves 
as  the  matrix  for  the  spectrographic  expo- 
sure. Collection  and  transfer  losses  are  com- 
pensated by  measuring  the  ratio  of  the  inten- 
sities of  subject  element  lines  to  minor  lines 
of  the  carrier.  The  element  chosen  as  carrier 
must  be  free  of  the  elements  sought.  The 
total  quantity  of  the  carrier  element  (if  any) 
present  in  the  original  sample  must  be  negli- 
gible compared  to  the  quantity  added  as  car- 
rier. Yttrium  is  often  used  for  this  purpose, 
since  pure  material  can  be  obtained  at  a 
relatively  low  price,  and  the  yttrium  spec- 
trum is  a  simple  one. 

With  yttrium  or  some  true  rare  earth  as 
carrier,  microgram  quantities  of  rare  earths 
can  be  collected  as  hydroxides,  fluorides, 
oxalates  or  cupferrates.  These  precipitating 
reagents  are  not  specific  for  rare  earths,  how- 
ever. The  precipitate  to  be  used  in  a  given 
case  must  therefore  be  chosen  so  as  to  avoid 
precipitation  of  any  undesired  elements 
which  may  be  present. 

By  the  same  token,  the  carrier  element 
need  not  be  a  rare  earth.  Any  element  which 
precipitates  under  the  same  conditions  as 
rare  earths  may  be  useful  as  a  carrier  for 
rare  earths.  For  example,  thorium  can  be 
used  to  co-precipitate  rare  earths  from  an 
acid  solution  of  steel  and  other  metals  as  the 
oxalate  and/or  fluoride.15 


SAMPLE  STANDS 


Spectrographic  Determination 

Carrier-Free  Samples  (100  /zg  rare 
earths  or  less).  The  best  absolute  spectro- 
graphic  sensitivity  for  rare  earths  is  obtained 
by  evaporating  a  chloride  solution  of  the 
pure  rare  earth  fraction  on  the  end  of  a  pair 
of  copper  rods  and  exciting  the  dried  residue 
with  a  940  volt  4  jufd,  100  /*H  spark  dis- 
charge.6 Absolute  sensitivities  for  the  detec- 
tion of  individual  rare  earths  by  this  method 
are  shown  in  Table  1. 

When  the  total  amount  of  residue  is  small, 
changes  in  the  proportions  of  major  com- 
ponents may  cause  a  shift  in  the  analytical 
curve  of  one  or  more  of  the  components. 
Little  information  is  available  on  this  point 
in  the  case  of  the  copper  spark  technique. 

If  a  nitrate  residue  is  evaporated  on  graph- 
ite, the  influence  of  one  rare  earth  on  the 
analytical  curve  of  another  is  essentially 
eliminated  by  the  addition  of  30  /xg  of  Zn.2 
Sensitivity  limits  are  then  not  as  low  as  those 
listed  for  the  copper  spark,  however.  Differ- 
ent excitation  sources  were  used  in  the  two 


TABLE  1.  ABSOLUTE  SPECTEOGBAPHIC 

SENSITIVITIES  FOB  DETECTION  OP 

RABE  EARTHS 


Limit  of  Detection  in  !<>-»  g.  (millimicro- 

grams) 

Element 

Graphite 

D.  C.ATC- 

Copper  Spark' 

Spark 
(Zn  Buffer)1 

Y*0s  Carrier- 
Matrix" 

Y 

0.5 

5 

— 

La 

2 

200 

200 

Ce 

30 

200 

2000 

Pr 

30 

— 

1000 

Nd 

30 

200 

1000 

3m 

50 

200 

500 

Eu 

2 

30 

200 

Gd 

20 

30 

500 

Tb 

100 

— 

500 

Dy 

20 

30 

500. 

Ho 

20 

— 

1000 

Er 

10 

— 

200 

Tm 

20 

— 

200 

Yb 

1 

— 

10 

Lu 

1 

— 

— 

cases,  so  that  sensitivity  figures  may  not  be 
comparable. 

Carrier  Samples.  If  the  trace  rare  earths 
are  precipitated  with  a  carrier  (e.g.  yttrium), 
the  precipitate  is  usually  ignited,  mixed  with 
graphite  and  exposed  by  the  D.C.  arc.  Typi- 
cal absolute  sensitivities  for  this  method  are 
given  in  Table  1,  assuming  the  burning  of  a 
10-mg  sample  Y20s . 
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CYKUS  FELDMAN 

SAMPLE  STANDS 

Over  the  years  various  investigators  have 
employed  so  many  different  forms  of  sample 
for  emission  spectrochemical  analysis  and 
manufacturers  and  individuals  have  devel- 
oped such  a  multiplicity  of  designs  for  hold- 
ing the  samples  that  the  present  article  can 
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only  hope  to  sketch  some  of  the  basic  ar- 
rangements. Good  stands  require  in  com- 
mon: 

(1)  Adequate  adjustments  and  sufficiently 
stable  construction  to  locate  and  maintain 
the  discharge  on  the  optical  axis. 

(2)  Sufficient  insulation  to  preclude  any 
electrical  breakdown. 

(3)  Construction   to   withstand   thermal 
radiation  from  the  hottest  sources  likely  to 
be  employed. 

(4)  An  enclosure  to  prevent  extraneous 
convection  currents  from  affecting  the  source 
conditions  and  to  act  as  a  safety  control  in 
protecting   the    operator   from   accidental 
shock  and  from  eye  burn. 

Pin  or  Electrode  Stands 

When  the  sample  is  in  the  form  of  pins  or 
rods,  or  if  the  sample  is  a  powder  which  is 
to  be  placed  in  a  cup  or  crater  drilled  in  a 
graphite,  carbon  or  other  electrode,  the  pins 
or  electrodes  are  normally  held  in  clamps, 
preferably  spring-closing,  for  speed  and  con- 
venience. If  the  exposure  time  is  not  pro- 
tracted, so  that  the  electrodes  do  not  burn 
away  rapidly,  the  electrodes  can  be  set 
against  a  swing-out  gauge  to  position  the  dis- 
charge on  the  optical  axis.  Normally,  how- 
ever, slow-motion  adjustments  are  provided 
so  that  the  electrodes  may  be  repositioned 
as  they  burn  away.  Usually,  also,  a  rapid 
lateral  motion  is  needed  if  the  operator 
wishes  to  try  to  follow  the  motion  of  an  arc 
as  it  wanders  around  the  electrode  tip.  To 
define  the  correct  position  of  the  gap,  it  is 
customary  to  use  either  a  separate  projection 
lens  and  a  screen  with  some  form  of  target 
marked  on  it  or  to  include  such  a  projection 
system  within  the  stand  itself. 

Petrey  Flat  or  Plane  Stand 

Frequently  a  uniform  metallurgical  sam- 
ple, free  from  segregation  and  of  uniform 
grain  size,  can  be  most  readily  obtained  by 
quick  chill-casting  a  flat  disk  or  by  sawing  a 
slice  off  a  bar  of  metal.  A  series  of  such  speci- 
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mens,  with  one  face  machined  or  ground 
plane  and  sequentially  placed  on  a  specimen 
table  mounted  on  the  optical  axis,  will  re- 
produce the  same  optical  alignment.  A 
counter-electrode,  usually  of  graphite,  is  held 
in  a  single  clamp,  and  is  positioned  by  a  gap 
spacer.  Petrey  table  attachments  are  fre- 
quently provided  with  pin  stands,  to  permit 
interchangeable  use  of  pins  and  flats. 

Solution  Stands 

Solutions  have  been  handled  in  a  wide 
variety  of  ways.  Some  require  special  stands 
or  attachments  to  pin  stands.  Others  (b  and 
f  below),  may  utilize  a  conventional  pin 
stand.  The  most  common  arrangements  are: 

(a)  Htieh&n  or  Zehden  Spark  Stands  feed 
the  solution  into  a  spark  gap  through  a 
small  bore  hole  drilled  down  the  axis  of  the 
lower  electrode.  The  rate  of  feed  is  deter- 
mined by  the  "head"  of  the  solution  con- 
tainer above  the  gap.  The  arrangement  has 
never  been  developed  to  provide  such  a 
rapid  and  convenient  procedure  as  later 
solution  methods. 

(b)  In  the  Porous  Cup  Method,  devised  by 
Feldman,  the  solution  is  contained  in  a 
thin-walled  upper  electrode.  The  walls  are 
sufficiently  permeable  to  permit  the  solution 
gradually  to  feed  through  to  the  bottom. 
Here  it  is  vaporized  by  the  spark.  The  porous 
cup  is  a  simple  and  convenient  method  of 
analysis,  but  it  has  been  found  difficult  to 
obtain  coefficients  of  variation  better  than 
3-5  %,  primarily  because  of  varying  perme- 
ability for  different  elements  from  electrode 
to  electrode.  If  highly  acid  solutions  are  used, 
the  electrode  clamps  and  interior  of  the  spark 
stand  must  be  of  acid  resistant  construction. 

(c)  The  Rotating  Disk  Method  of  sampling 
solutions  or  oils  is  probably  currently  more 
widely  used  than  any  other  single  technique. 
The  sample  is  contained  in  a  porcelain  or 
other  solution  resistant  boat.  The  lower  elec- 
trode consists  of  a  graphite  disk  which  is 
mounted  on  a  stainless  steel  or  graphite 
shaft,  rotated  at  the  rate  of  10-30  r.p.m.  The 
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disk  drags  solutions  up  into  the  spark  gap. 
Most  common  elements  can  be  detected  at 
concentrations  of  .1  to  5  parts  per  million. 
Coefficients  of  variation  better  than  1  %  are 
frequently  obtained  with  direct  reading  spec- 
trometers. The  method  is  fast  and  conven- 
ient. 

(d)  In  the  Rotating  Platform  Technique  the 
solution  is  contained  in  a  slight  depression 
in  a  horizontal  graphite  electrode. 

(e)  DuBois  has  used  an  aspirator  to  intro- 
duce a  sample  into  the  discharge  through  a 
hole  drilled  in  the  lower  electrode.  Good  sen- 
sitivity and  precise  quantitative  results  are 
achieved. 

(f )  Zink1  has  introduced  an  interesting  and 
useful   "Vacuum  Cup"   electrode  for  the 
analysis  of  solutions.  A  capillary  hole  (No.  60 
or  70  drill)  is  axially  drilled  to  a  depth  of  ap- 
proximately one-half  inch  in  the  top  of  a 
hemispherically  shaped  electrode.  This  capil- 
lary is  opened  to  the  side  of  the  electrode  with 
a  small  hole  (about  No.  30  drill).  The  out- 
side of  the  electrode  is  trimmed  to  a  slightly 
smaller  diameter  to  just  below  the  side  hole 
and  a  "Teflon"  cup  with  a  center  hole  to  fit 
the  trimmed  electrode  is  slipped  over  the 
top.  Thus,  the  cup  fits  about  the  capillary 
portion  of  the  electrode  and  provides  a  res- 
ervoir for  the  solution  to  be  analyzed. 

The  "Vacuum  Cup"  operates  by  means 
of  the  reduction  in  pressure  in  the  lower 
portion  of  an  arc  discharge.  The  solution  is 
drawn  from  the  cup  up  through  the  capillary 
and  into  the  arc  column.  For  best  results, 
about  one  milliliter  should  feed  into  the  dis- 
charge in  80  seconds. 

(g)  Copper  and  Graphite  Sparks.  Tomkins, 
Nachtrieb,  and  Fred2  developed  a  procedure 
of  drying  quantitative  amounts  of  solution 
on  the  tops  of  flat  copper  electrodes,  which 
were  then  used  as  the  upper  and  lower  elec- 
trodes in  a  spark  discharge.  Zotov  and  Mor- 
ris have  used  graphite  electrodes  in  a  similar 
procedure.  Before  evaporating  the  solution 
on  the  electrode  top,  the  electrode  should  be 
coated  by  means  of  a  2  %  "Lucite"  solution  in 


acetone,  as  large  increases  in  sensitivity  and 
precision  result.  Both  methods  yield  very 
high  sensitivities  and  relatively  good  pre- 
cision. 

Powdered  Samples 

Powdered  samples,  like  liquids,  have  been 
treated  in  many  ways,  of  which  the  most 
useful  seem  to  be: 

(a)  The  powdered  sample  is  contained  in  a 
cavity  drilled  in  a  lower  electrode.  A  buffer 
of  graphite,  zinc  powder  or  many  other  ma- 
terials may  be  admixed  with  the  sample  to 
promote  uniform  burning,  or  to  establish 
excitation  conditions  which  will  suppress  in- 
ter-element effects,  or  to  encourage  uniform 
vaporization    despite    differing    matrices. 
Sometimes  the  sample  is  fused,  typically 
with  lithium  or  sodium  carbonate  or  tetra- 
borate,  and  then  ground.  This  produces  a 
more  uniform  sample  and  introduces  a  buff- 
ering agent.   Some  spectrographers  prefer 
to  compress  or  briquet  their  powders  (up  to 
50,000  pounds/square  inch  pressure)  to  still 
further  promote  uniformity  of  burning. 

A  direct  current  arc  is  most  commonly 
used  to  burn  the  sample,  but  all  of  the  cir- 
cuits described  under  sources  have  been 
employed. 

More  specialized  techniques  are: 

(b)  The  Carrier  Distillation  method  was 
developed  by  Scribner  as  a  device  for  vola- 
tilizing the  common  impurity  elements  in 
uranium  into  the  arc  discharge  without  excit- 
ing the  nearly  continuous  uranium  spectrum 
itself.  The  sample,  as  oxide,  is  mixed  with 
high  purity  compounds  of  Ga,  Ag,  F,  or  In, 
depending  on  the  specific  elements  to  be 
analyzed  and  their  relative  volatilities.  In  a 
DC  arc,  the  trace  elements  evaporate  with 
the  carrier,  and  only  after  this  has  been  com- 
pletely evaporated  does  the  uranium  spec- 
trum appear.  Unfortunately,  the  method 
does  not  assist  in  analyzing  such  impurities 
as  the  majority  of  the  rare  earths  and  other 
heavy  elements  in  uranium.  The  technique 
may  be  applied  to  the  determination  of  light 
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elements  in  refractory  materials  other  than 
uranium. 

A  somewhat  reverse  arrangement  is  some- 
times employed  to  retard  the  evaporation  of 
such  elements  as  Hg,  Pb,  Cd,  and  Zn.  Te 
or  Se  mixed  with  a  sample  may  increase  the 
burning  time  by  five-  to  tenfold,  improving 
sensitivity  and  repeatability. 

(c)  A  Rotating  Disk  Stand  or  Attachment 
can  be  used  to  excite  powdered  samples  after 
briquetting  the  finely  ground  powder  into  a 
H"  diameter  disk  %"  thick  and  sparking  to 
the  upper  periphery.  Such  a  briquetted  sam- 
ple, held  in  a  clamp,  can  serve  as  the  lower 
electrode  of  a  spark  discharge.  Coefficients 
of  variation  under  1  %  can  be  obtained  with 
a  direct  reader. 

(d)  The  Tape  Machine.  Danielsson,  Sund- 
kvist  and  Lundgren8  have  a  procedure  of 
feeding  finely  powdered   samples  onto   a 
traveling  belt  of  "Scotch  tape,"  scraping  it 
level  and  feeding  it  into  a  spark  gap  between 
graphite  electrodes.  The  tape  moves  at  a 
sufficient  rate  to  ensure  that  the  breakdown 
for  each  new  half  cycle  of  the  spark  strikes 
fresh  material.  The  method  introduces  ma- 
terial to  the  spark  at  a  steady  and  repeatable 
rate,  and  coefficients  of  variation  of  1  %  or 
better  are  frequent  with  a  direct  reading 
spectrometer. 

(e)  The  "Stallwood  Jet"  is  a  recently  de- 
veloped accessory  for  improving  the  sta- 
bility of  the  arc  discharge.  It  is  based  on 
Stallwood's4  investigation  of  selective  vola- 
tilization and  element  interference  effects 
in  powder  analyses.  The  accessory  consists 
of  an  attachment  to  fit  about  the  lower  elec- 
trode and  blanket  the  arc  discharge  with  an 
atmosphere  of  controlled  composition,  usu- 
ally a  mixture  of  argon  and  oxygen,  or  argon 
by  itself. 

The  effect  of  the  "Stallwood  Arc"  is  to 
stabilize  the  discharge  both  mechanically 
and  chemically.  The  mechanical  stabiliza- 
tion is  produced  by  the  prevention  of  arc 
wandering  through  the  controlled  air  blast 
surrounding  the  arc,  plus  the  removal  of  heat 
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from  the  lower  electrode.  In  addition,  the 
surrounding  gaseous  discharge  effectively 
stabilizes  the  arc  chemically  by  the  increase 
in  oxidizing  potential  and/or  the  reduction 
in  cyanogen  background.  Thus,  higher  sensi- 
tivity is  achieved  through  the  decrease  in 
background.  In  addition,  selective  volatili- 
zation and  matrix  effects  are  greatly  reduced 
through  the  stabilized  lower  sample  tem- 
perature. 
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SAMPLING 

The  widespread  use  of  spectroscopic  in- 
struments as  well  as  other  physical  instru- 
ments is  the  outstanding  feature  in  the 
development  of  analytical  chemistry  during 
the  past  two  decades.  Many  diverse  types  of 
these  instruments  are  being  employed  in 
industry  as  "stream  analyzers"  to  provide 
automatic  control  of  processes.  These  devel- 
opments were  stimulated  by  the  need  for 
frequent,  accurate,  and  rapid  analyses  be- 
cause of  ever-narrowing  specifications  for 
raw  materials  and  finished  products. 

In  emission  spectrometry,  the  principal 
improvements  have  been  in  the  optical  and 
detecting  systems.  One  spectacular  develop- 
ment has  been  the  direct-reading  spectrom- 
eter, in  which  the  photographic  emulsion  has 
been  replaced  by  a  number  of  photomulti- 
plier  tubes  and  associated  electronic  circuits 
as  a  detecting  system.  This  has  resulted  in  a 
substantial  reduction  of  both  time  and  error 
in  analysis. 

To  secure  the  best  possible  precision  and 
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accuracy  with  these  instruments,  the  analyst 
is  confronted  now  with  sampling  problems 
that  were  not  apparent  before.  It  is  remark- 
able that  routine,  rapid,  accurate,  and  pre- 
cise analyses  are  possible  from  some  70  ele- 
ments by  using  only  10  milligrams  of  sample. 
How  can  a  few  milligrams  that  are  truly 
representative  be  chosen  from,  say,  50  tons 
of  material?  This  appears  to  be  an  impossible 
situation.  Yet  this  choice  is  made  daily  with 
a  great  deal  of  success  in  thousands  of  labo- 
ratories throughout  the  world.  Obviously, 
this  small  sample  is  not  chosen  in  a  hap- 
hazard manner.  In  practice,  a  very  large 
sample  is  taken  in  a  predetermined  way  and 
subsequently  prepared  to  make  it  homogene- 
ous. 

Even  then,  the  spectrographer  is  faced 
with  problems  associated  with  the  vaporiza- 
tion of  this  sample  and  the  excitation  of  the 
spectrum.  The  volatilization  of  the  sample 
depends  on  its  physical  and  chemical  prop- 
erties and  the  surrounding  environment. 
Heating  the  sample  by  the  electrical  dis- 
charge usually  results  in  chemical  reactions 
that  affect  the  rates  of  volatilization  of  the 
elements  composing  the  sample.  In  a  metal 
or  alloy,  oxides  are  formed  that  are  usually 
refractory.  During  the  period  in  which  these 
oxides  are  formed,  the  observed  intensity 
ratios  change  and  in  time  approach  equilib- 
rium.1 This  period  is  called  the  pre-burn 
or  pre-spark  time.  If  the  discharge  occurs  in 
nitrogen  or  in  an  inert  gas,  such  as  argon, 
the  intensity  ratios  are  usually  constant 
throughout  the  time  the  discharge  occurs.2 
If  the  sample  is  mixed  with  graphite  and 
the  mixture  placed  in  a  graphite  cup,  some 
elements,  such  as  tantalum,  form  very  re- 
fractory carbides,  and  low  sensitivity  re- 
sults. However,  differences  in  volatilization 
rates  may  be  beneficial.  For  example,  the 
higher  vaporization  rates  of  the  oxides  of 
most  impurities  in  uranium  were  utilized  in 
the  carrier-distillation  method.8 

Experience  has  shown  that  most  of  the 
samples  analyzed  by  emission  spectrometry 


fall  into  two  general  categories.  In  the  first 
category,  the  sample  is  a  good  electrical 
conductor  and  therefore  a  metal  or  alloy.  It 
is  also  homogeneous  or  can  be  made  so  by 
remelting.  Spectrometric  standards  are  avail- 
able, and  the  analysis  may  be  performed  with 
a  Tnimmnm  of  sample  preparation.  The 
second  category  is  composed  of  samples  that 
are  poor  electrical  conductors.  (This  group 
also  includes  those  metals  and  alloys  that 
cannot  be  readily  analyzed  because  of  the 
lack  of  standards,  and  therefore  must  be 
subjected  to  some  chemical  preparation,  such 
as  dissolution  in  mineral  acids.)  This  cate- 
gory is  characterized  by  the  general  lack  of 
readily  available  standards  although  the 
preparation  of  synthetic  standards  is  usually 
a  straightforward  procedure.  Because  of  the 
poor  electrical  conductivity  of  the  sample, 
it  is  placed  in  intimate  contact  with  a  mate- 
rial of  moderate  electrical  conductivity,  such 
as  graphite. 

Segregation  in  metals  and  alloys  nearly 
always  originates  in  the  solidification  proc- 
ess. The  segregation  pattern  may  be  altered 
by  subsequent  thermal  or  mechanical  treat- 
ment. The  only  exceptions  are  those  mate- 
rials that  have  been  formed  by  welding, 
cladding,  electroplating,  and  other  similar 
processes.  Therefore,  some  consideration 
should  be  given  to  the  factors  that  influence 
homogeneity  in  the  solidification  of  liquid 
metals  and  alloys. 

The  thermal  conditions  in  the  mold  govern 
the  cast  structure,  that  is,  the  grain  size  and 
shape,  the  orientation  of  the  grains,  and  the 
segregation  of  solutes  and  insoluble  impu- 
rities. The  mold  has  two  major  functions: 
(1)  it  determines  the  shape  of  the  casting; 
and  (2)  it  extracts  the  superheat  and  latent 
heat  of  fusion  liberated  during  solidification. 
The  size  and  shape  of  the  mold,  the  thermal 
conductivity  and  specific  heat  of  the  mate- 
rial from  which  the  mold  is  made,  the  mold 
temperature  at  the  time  of  pouring,  the  pour- 
ing temperature,  and  the  thermodynamic 
properties  and  mass  of  the  cast  material 
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have  a  profound  effect  on  the  structures 
produced  in  freezing.  The  material  closest  to 
the  mold  wall  is  the  first  to  freeze,  creating 
a  thin  shell  that  shrinks  away  from  the  mold 
walls  as  it  cools.  A  thermal  gradient  is  estab- 
lished between  the  mold  walls  and  the  center 
of  the  casting.  The  material  then  solidifies  as 
long,  columnar  crystals  with  a  dendritic 
structure  in  the  direction  of  the  maximum 
thermal  gradient.  The  trunk  and  branches 
of  the  dendrite  are  composed  of  the  first 
material  to  freeze,  which  is  nearly  always 
purer  than  the  average  composition  of  the 
melt.  Impurities  and  alloying  constituents 
are  rejected  to  the  liquid  phase  and  eventu- 
ally solidify  between  the  dendrites  and  in  the 
center  of  the  casting.  The  last  material  to 
freeze  does  so  as  equiaxed  grains.  Gases  also 
concentrate  in  these  enriched  zones,  particu- 
larly at  the  center.  As  the  temperature  de- 
creases, the  solubility  of  the  material  for 
gases  also  decreases,  and  these  gases  are 
evolved  as  bubbles  that  rise  through  the  re- 
maining molten  metal.  Very  often,  these 
bubbles  become  entrapped  as  solidification 
progresses,  and  a  porous  casting  results. 
Since  the  porosity  occurs  in  enriched  regions, 
it  is  not  surprising  that  poor  analytical  re- 
stilts  are  obtained  when  such  samples  are 
used. 

Another  factor  involved  in  solidification  is 
the  shrinkage  of  the  dendrites  as  they  cool. 
If  this  is  severe  enough,  interdendritic  chan- 
nels may  be  formed,  extending  sometimes  to 
the  surface  of  the  casting.  The  low  pressure 
created  may  draw  enriched  liquid  metal  into 
the  channels.  This  explains  the  formation  of 
"tin  sweat"  in  tin-bronze  castings.  A  less 
severe  form  of  this  type  of  segregation  tin 
aluminum-allciy  castings  has  also  been  ob- 
served. 

Samples  of  metals  and  alloys  for  spectro- 
metric  analysis  are  cast  into  a  metal  mold 
to  promote  rapid  freezing.  Since  the  last 
metal  to  freeze  is  usually  richer  in  impurities 
and  alloying  elements,  areas  near  the  top  of 
the  mold  or  near  a  gate  are  avoided.  If  the 
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casting  is  square  in  cross  section,  the  corners 
are  also  avoided,  since  these  regions  contain 
the  boundaries  between  two  systems  of  col- 
umnar grains  (Figure  Ib).  Until  recently, 
little  attention  was  given  to  mold  design. 
From  the  above  discussion  on  solidification, 
it  is  obvious  that  better  precision  would  be 
obtained  if  the  surface  to  be  analyzed  ex- 
posed the  ends  of  the  columnar  crystals 
rather  than  their  sides.  In  this  way,  the 
discharge  would  cover  a  larger  number  of 
grains.  Today,  many  laboratories  are  using 
a  new  type  of  mold4'5  that  promotes 
solidification  preferentially  in  one  direction 
only  rather  than  in  two  or  more.  A  ceramic 
ring  is  placed  on  a  large  copper  block  to 
form  the  mold  (Figure  2).  When  the  sample 
is  cast  into  this  mold,  it  solidifies  mainly 
from  the  bottom  to  the  top.  By  cutting  a 
slice  from  the  bottom,  the  ends  of  the  col- 
umnar crystals  are  exposed  (Figure  la). 
Any  area  on  this  exposed  surface  may  be 
used  for  spectrometric  analysis.  However, 


(a) 


(b) 


FIG.  1.  (a)  Structure  of  sample  cast  in  copper- 
chill-plate  and  ceramic-sleeve  mold,  (b)  Structure 
of  sample  cast  in  permanent  cast-iron  mold. 
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sometimes  a  chill-cast  sample  desirable  for 
emission  spectrometry  because  of  its  ho- 
mogeneity may  be  too  hard  to  machine  to 
provide  material  for  chemical  analysis.  To 
overcome  this  difficulty,  another  suitable 
mold  has  been  designed  and  used  by  Ken- 
nedy and  Smith.6  The  mold  consists  of 
two  sections  hinged  together  (Figure  3).  One 
section  is  made  of  copper  and  has  a  cavity 
machined  in  it  the  size  and  shape  of  which  are 
such  as  to  produce  a  chill-cast  disc  when 
molten  metal  is  poured  into  it.  The  other 
section  is  made  of  carbon  steel  that  has  a 
hole  in  it  so  that  a  shell  mold  may  be  in- 
serted. The  resultant  casting  consists  of  two 
parts:  (1)  the  lower  half  is  a  chill-cast  disc 
used  for  spectrometric  analysis  and  (2)  the 
upper  half  is  a  slowly  cooled  piece  that  may 
be  drilled  to  provide  a  sample  for  chemical 
analysis.  This  mold  is  particularly  useful  in 
the  analysis  of  cast  iron. 

Many  alloys  cannot  be  cast  to  produce  a 
homogeneous  sample.  These  materials  are 
usually  analyzed  by  using  a  solution  tech- 
nique. This  method  of  approach  is  often 
tedious  and  time-consuming,  and  therefore 
not  suitable  for  routine  laboratory  analysis. 
A  simpler  procedure  is  to  move  the  sample 
during  excitation  so  that  a  relatively  large 
area  is  covered  by  the  discharge.  This  tech- 
nique has  been  applied  to  the  analysis  of 
zinc  spelter  and  resulted  in  a  fivefold  de- 
crease in  standard  deviation  for  the  analysis 
of  this  material  for  aluminum  and  tin.7 

Samples  with  poor  electrical  conductivity 
are  ground  and  mixed  with  graphite  powder, 
and  packed  into  a  hole  in  the  end  of  a  graph- 
ite rod.  Samples  of  this  type  may  be  rocks 
and  minerals  that  by  their  nature  are  hetero- 
geneous. Usually  a  buffer  material  is  added 
for  several  reasons.  The  buffer  in  this  case 
is  added  to  create  a  common  matrix  and 
stabilize  the  temperature  of  the  sample  elec- 
trode. In  many  instances,  this  buffer  may 
actually  be  a  flux,  and  the  sample  is  fused 
with  the  buffer  material  to  eliminate  hetero- 
geneity prior  to  mixing  with  graphite  pow- 


FIG.  2.  Copper  chill  plate,  ceramic  sleeve,  and 
the  resultant  cast  sample. 


(Courtesy  of  Applied  Spectroscopy  and  American  Cast  Iron 

Pipe  Company) 

FIG.  3.  Combination  chemical  and  disc  mold. 

der.  Since  the  sample  contains  elements  hav- 
ing different  rates  of  volatilization,  the 
sample  is  usually  burned  to  completion.  The 
buffer  may  also  contain  an  element,  such  as 
molybdenum,8  which  is  used  as  an  internal 
standard  with  a  fixed  concentration.  Sam- 
ples may  be  vaporized  from  a  solution  by  the 
porous-cup9  and  rotrode  techniques.10  These 
procedures  have  several  advantages  over 
powders:  (1)  the  solution  remains  relatively 
cool  during  vaporization  and  hence  little  or 
no  preferential  volatilization  occurs;  (2)  any 
effects  due  to  metallurgical  history  or  het- 
erogeneity are  nullified  by  the  dissolution  of 
the  sample;  (3)  synthetic  standards  may  be 
prepared  relatively  easily.  However,  erosion 
of  the  electrode  holders  in  the  excitation 
stand  by  the  solution  can  be  a  problem. 
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J.  K.  HURWITZ 

SEMIQUANTITATIVE  INDUSTRIAL  CHEMICAL 
ANALYSIS 

The  use  of  emission  spectroscopy  to  deter- 
mine the  composition  of  a  wide  variety  of 
samples  has  been  developed  to  the  point 
where  it  is  now  an  indispensable  technique 
in  analytical  work.  For  many  years  the  spec- 
trograph was  an  important,  but  limited,  tool 
because  the  chemists  had  not  developed  pre- 
parative techniques  of  wide  versatility. 
Much  work  was  done  by  physicists  to  iden- 
tify spectrum  lines  associated  with  the  ele- 
ments and  by  chemists  to  develop  unique 
quantitative  procedures  for  specific  elements 
in  a  given  alloy  or  a  particular  repetitive 
sample  system.  These  procedures  are  widely 
used  today  in  control  work  to  monitor  pro- 
duction systems.  For  the  majority  of  random 
samples,  however,  the  spectrograph  was  used 
only  to  specify  the  qualitative  composition 
of  the  sample.  This  condition  no  longer  exists 
and  today  the  emission  spectrograph  is  often 
the  first  tool  used  to  establish  the  approxi- 
mate amounts  of  the  elements  present  in  an 
unknown  material.  Generally  this  results  in 
sufficient  data  to  solve  a  particular  problem 
or  to  permit  a  more  intelligent  selection  of 
subsequent  test  procedures.  This  article  will 
describe  a  general  technique  which  consider- 
ably broadens  the  scope  of  application  of  the 
emission  spectrograph. 

Spectrographic  laboratories  are  frequently 
confronted  with  the  necessity  of  analyzing  a 
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wide  variety  of  materials  with  speed  and  ac- 
curacy. The  samples  are  non-repetitive  and 
are  generally  of  an  unusual  nature.  The 
time  required  and  the  cost  of  establishing  a 
specific  quantitative  spectrochemical  proce- 
dure for  each  type  of  sample  are  prohibitive. 
Further,  qualitative  or  noncommittal  an- 
swers, such  as  major,  minor,  and  trace,  sel- 
dom have  enough  meaning  to  answer  a 
problem  satisfactorily. 

Spectroscopists  have  devoted  considerable 
time  and  effort  to  the  development  of  meth- 
ods which  are  capable  of  analyzing  any  sam- 
ple for  its  constituents  with  an  accuracy  in 
the  intermediate  range  between  the  qualita- 
tive and  precise  quantitative  approaches. 
The  term  "semiquantitative"  is  used  to  de- 
scribe these  methods  which  yield  results  with 
accuracies  falling  within  a  factor  of  J^  to  3 
times  the  amount  present. 

In  general,  a  practical  semiquantitative 
method  should  be  rapid,  inexpensive,  appli- 
cable to  milligram-size  samples,  and  easily 
applied  by  previously  untrained  personnel 
after  4  to  5  weeks  training. 

Several  methods  of  this  type  have  been 
reported  in  the  literature  and  it  has  been  the 
subject  of  considerable  investigation  by  Sub- 
committee II  on  Fundamental  Methods, 
ASTM  Committee  E-2  on  Emission  Spectros- 
copy. An  excellent  summary  and  classifica- 
tion of  the  various  methods  in  the  literature, 
along  with  the  criteria  for  a  universal 
method,  can  be  found  in  the  ASTM  Commit- 
tee publication.5 

The  major  obstacle  to  overcome  in  the  de- 
velopment of  a  method  of  universal  applica- 
bility is  the  marked  effect  that  the  presence 
of  different  materials  in  the  sample  has  on 
the  behavior  or  line  intensity  of  each  element 
being  determined.  This  influence  of  the  ma- 
jor constituents  is  easily  demonstrated.  For 
example,  identical  exposures  of  samples  of 
sodium  chloride  and  lead  oxide  containing 
equal  amounts  of  copper  will  not  yield  copper 
spectrum  lines  of  equal  intensity.  One  may 
choose  to  ignore  these  matrix  effects  and  ac- 
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cept  the  accuracy  obtained.  However,  this 
will  result  in  errors  which  exceed  the  limits 
imposed  on  semiquantitative  analysis. 

There  are  several  approaches  that  can  be 
used  to  correct  for  or  minimize  these  matrix 
effects  depending  on  the  accuracy  desired. 
One  approach  is  to  compare  the  unknown 
spectrum  with  spectra  of  known  samples. 
After  the  initial  comparison,  another  known 
mixture  is  prepared  and  its  spectrum  com- 
pared with  the  unknown.  This  process  is 
repeated  until  a  satisfactory  match  is  ob- 
tained. The  time  required  for  the  analysis  of 
each  sample  is  considerable,  and  although 
this  procedure  is  useful  in  specific  applica- 
tions, it  cannot  be  considered  as  a  method  of 
general  applicability. 

A  second  method  is  to  compensate  for  the 
matrix  effects  by  correcting  for  the  differ- 
ences which  occur  in  the  various  matrices. 
An  experienced  analyst  can  often  judge  the 
effect  of  the  matrix  elements  and  estimate 
the  appropriate  correction.  This  requires 
considerable  experience  in  analyzing  a  wide 
variety  of  materials  and  cannot  be  per- 
formed by  an  operator  with  limited  experi- 
ence. 

A  more  elaborate  method  of  correction  is 
that  developed  by  Harvey.8  He  has  pub- 
lished a  book  containing  correction  factors 
for  spectrum  lines  in  a  large  variety  of  mat- 
rices. The  concentration  of  an  element  is 
determined  by  multiplying  its  spectrum  line 
intensity  by  the  predetermined  concentra- 
tion factor  for  that  particular  matrix.  When 
the  matrix  is  a  mixture  of  elements,  a  new 
factor  must  be  established.  Addink1  does  this 
by  adding  two  different  amounts  of  the  ele- 
ment he  is  determining  to  separate  portions 
of  the  sample.  Concentration  factors  are  ap- 
plied and  the  difference  between  the  two 
analyses  should  be  the  difference  in  the  small 
amounts  added.  If  the  difference  is  not  cor- 
rect, the  factor  is  adjusted  and  the  new  con- 
centration factor  used  for  the  actual  sample 
analysis.  Methods  utilizing  concentration 
factors  have  been  quite  successfully  applied 


by  many  spectrographic  laboratories.  They 
do,  however,  require  considerable  effort  ini- 
tially to  establish  all  of  the  necessary  factors 
which  vary  depending  on  the  characteristics 
of  the  individual  spectrograph.  Also,  the 
presence  of  more  than  one  matrix  element 
makes  it  difficult  to  determine  the  appropri- 
ate factor. 

The  most  widely  accepted  method  in  use 
today  and  the  one  which  is  by  far  the  most 
universally  applicable  is  the  technique  of  di- 
lution. The  basic  aim  of  this  approach  is  to 
incorporate  all  samples,  regardless  of  their 
compositions,  into  a  common  matrix  mate- 
rial. This  dilution,  with  a  buffer  or  carrier 
material,  causes  the  elements  present  in  all 
samples  to  behave  in  a  manner  approaching 
their  behavior  in  the  pure  matrix  material. 
To  a  satisfactory  degree,  one  then  assumes 
that  through  the  dilution  procedure  all  sam- 
ples, regardless  of  their  origin,  are  similar  and 
burn  similarly  in  the  arc.  In  other  words,  the 
sample  is  analyzed  as  an  impurity  in  the 
common  matrix.  Only  one  set  of  standards, 
made  up  in  the  common  matrix  material,  is 
necessary  for  all  types  of  samples. 

Much  has  been  written  concerning  the 
choice  and  function  of  diluent  materials. 
Listed  in  the  Table  1  are  several  of  the  dilu- 
ents used  by  the  investigator(s)  indicated. 
Reference  to  methods  described  in  the  litera- 
ture also  reveals  a  large  variation  in  the  sam- 
ple dilutions,  the  exposure  conditions,  the 
optical  alignments,  and  the  electrode  combi- 
nations being  utilized. 

A  description  of  the  method  the  authors 
use  will  serve  to  illustrate  a  typical  semi- 
quantitative  procedure.  It  was  designed  to 
permit  either  a  rapid  visual  estimation  of 
concentration,  or  the  more  accurate  densi- 
tometric  evaluation. 

The  matrix  used  is  a  mixture  of  40  parts 
graphite,  50  parts  lithium  carbonate,  and 
1.0  part  germanium  dioxide.  Graphite  was 
incorporated  into  the  matrix  because  of  its 
ability  to  carry  the  sample  into  the  arc,  thus 
eliminating  excessively  long  bum  times.  In 
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TABLE  1 


Diluent 


Barium  nitrate  +  ammo- 
nium sulf  ate 

Copper  oxide  +  graphite  + 
germanium  dioxide 

Gallium  oxide 

Graphite 

Graphite  +  germanium 

Graphite  +  lithium  carbon- 
ate 

Graphite  +  molybdenum  + 
bismuth 

Graphite  +  nickel  oxide 

Graphite  +  zinc  oxide 

Lithium  carbonate 

Lithium  carbonate  +  gal- 
lium oxide 

Lithium  carbonate  +  va- 
nadium pentoxide 


Investigator^) 


Fitz,  Murray4 
Jaycox7 

Scribner11 
Mitteldorf,8 

Waring,  Annell,18 
Strock14 
Smith,  Mattarella1* 

Bachelder* 

Oshry,        Ballard, 

Schrenk" 
Standen" 

Weaver,  Brattain16 
Mohan,  Pry9 


Alexander, 
baum* 


Nus- 


addition,  it  reduces  fractional  distillation  of 
the  elements  from  the  sample  during  the  ex- 
posure. Lithium  carbonate  was  selected  be- 
cause of  its  usefulness  in  reducing  matrix  ef- 
fects. It  also  enhances  the  spectrum  lines  of 
many  elements  and  thus  increases  detecta- 
bility.  Germanium  was  chosen  as  the  inter- 
nal standard  because  of  its  average  burn 
characteristics  relative  to  the  majority  of  the 
elements  to  be  determined. 

The  sample-to-matrix  ratio  is  maintained 
at  1  part  sample  and  9  parts  matrix.  This  di- 
lution has  been  found  to  suppress  adequately 
inter-element  effects  of  a  wide  variety  of 
sample  matrices.  A  commercially  available 
0.180  inch  diameter  graphite  electrode  is 
used.  The  undercut  cup  has  the  dimensions 
of  0.0938  inch  in  depth  and  0.125  inch  in  di- 
ameter. The  counter  electrode  is  a  pointed, 
0.125  inch  diameter,  graphite  rod.  The  total 
charge  is  20  milligrams  (2  TniUTgramp  of  sam- 
ple) and  is  entirely  consumed  during  the  ex- 
posure. 

The  sample  is  burned  in  a  d-c  arc  at  5 
amps  for  15  seconds.  The  current  is  then  in- 
creased to  15  amps  for  60  seconds.  The  initial 
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low  amperage  prevents  the  charge  from 
jumping  out  of  the  electrode  crater  and  the 
higher  amperage  insures  volatilization  of  re- 
fractory materials  and  a  complete  burn-out 
of  the  sample.  The  spectra  are  photographed 
on  Kodak  Spectrum  Analysis  Number  1 
plates  through  a  four-step  sector  wheel  which 
transmits  approximately  100, 25, 5  and  1  per 
cent  of  the  incident  light. 

Standards  are  prepared  for  the  elements 
by  successive  dilution  of  dry  powders,  main- 
taining the  same  proportions  of  matrix  com- 
bination and  internal  standard.  Standards 
are  prepared  for  each  element  in  dilution 
steps  of  1  mg  (50%),  0.3  mg  (15)  %,  0.1  mg 
(5  %),  etc.,  down  to  the  lower  limit  of  detecta- 
bility.  The  photographic  plates  on  which  the 
standard  spectra  are  recorded  are  retained 
for  reference  and  are  used  when  it  is  desired 
to  estimate  visually  the  composition  of  un- 
knowns. A  calibration  curve  for  the  SA-1 
emulsion  is  constructed  which  is  representa- 
tive of  the  region  from  2800  to  3300  Ang- 
stroms where  most  of  the  spectrum  lines 
employed  in  the  procedure  are  located.  Ana- 
lytical working  curves  have  been  prepared 
covering  the  ranges  indicated  in  Table  2 
using  intensity  ratios  obtained  from  the  rela- 
tive intensities  of  various  steps  of  the  ana- 
lytical lines  and  the  germanium  internal 
standard  line.  The  analytical  working  curves 
have  been  placed  on  a  Dunn-Lowry  calculat- 
ing board  to  expedite  calculations. 

In  many  instances  a  visual  estimation  suf- 
fices. The  sample  spectrum  is  superimposed 
over  each  standard  spectrum  in  succession 
and  the  lines  compared.  A  satisfactory  esti- 
mate of  the  composition  of  the  sample  can 
be  made  within  a  relatively  short  time.  When 
greater  accuracy  is  desired,  densities  of  the 
appropriate  lines  are  measured  and  the  con- 
centrations determined  from  the  analytical 
working  curves. 

Sample  preparation  prior  to  mixing  with 
the  matrix  material  constitutes  one  of  the 
most  important  steps  in  the  entire  procedure. 
This  varies  considerably  depending  on  the 
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type  and  form  of  the  sample  as  received. 
Many  samples  require  the  application  of  spe- 
cial techniques.17  Organic  materials  must  be 
carefully  charred  with  a  flame  or  ashed.  The 
time  and  temperature  will  depend  on  the 
material,  but  both  should  be  kept  to  a  mini- 
mum. If  the  ash  weight  anticipated  is  very 
low,  a  few  milligrams  of  graphite  are  added 
to  aid  in  removing  the  ash  from  the  con- 
tainer. Liquids  are  evaporated  to  dryness 
and  the  residue  ashed  or  mixed  directly  with 
the  matrix.  A  few  milligrams  of  graphite 
added  during  the  last  stages  of  evaporation 
will  aid  in  recovering  small  residues.  Inor- 
ganic materials  are  ground  to  a  fine  powder 
and  mixed  directly  with  the  matrix  material. 
Metals  are  converted  to  salts,  or  in  some 
instances,  filings  are  added  directly  to  the 
matrix. 

Kodak  Spectrum  Analysis  Number  1 
emulsion  was  chosen  to  record  the  spectra 
because  of  its  relatively  high  contrast.  With 
this  emulsion  a  greater  line  density  change 
per  change  in  element  concentration  is  ob- 
tained, which  is  a  decided  advantage  for 
visual  estimation.  It  is  advisable,  however, 
to  use  a  step  sector  wheel  or  step  filter  with 
the  SA-1  emulsion  to  maintain  the  spectral 
lines  within  a  usable  optical  density  range 
for  densitometric  measurements.  To  obtain 
a  workable  overlap  of  densities,  the  ratios  of 
the  steps  of  the  filter  or  sector  wheel  should 
not  exceed  5  to  1. 

The  accuracy  of  this  method  has  been 
studied  by  the  analysis  of  known  mixtures 
prepared  in  this  laboratory,  National  Bureau 
of  Standards  samples,  and  six  standard  mix- 
tures used  in  the  ASTM  cooperative  analy- 
sis.6 The  data  indicate  that  densitometric 
evaluation  of  the  spectra  can  be  relied  upon 
to  produce  answers  accurate  to  within  ±50 
per  cent.  The  precision  obtained  is  ±20  per 
cent.  Visual  concentration  estimations  gen- 
erally will  fall  within  a  factor  of  3  of  the  cor- 
rect analysis,  still  within  the  limits  imposed 
on  semiquantitative  analysis. 

The  authors  have  observed  an  improve- 


TABLE  2 


Element 

Wave- 
length, A 

Concentration 
Range 

Visual 
Detection 
Limit 

Germanium 

3039.06 

Internal 

Standard 

Aluminum 

3064.30 

50%-2% 

0.0005% 

3082.16 

2%r0.005% 

Antimony 

2877.92 

50%-0.1% 

0.01% 

Arsenic 

2349.84 

50%-0.5% 

0.5% 

Barium 

3071.59 

50%-0.1% 

0.05% 

Bismuth 

3067.72 

50%-0.01% 

0.001% 

Boron 

2496.78 

50%-0.05% 

0.01% 

Cadmium 

3261.06 

50%-0.1% 

0.05% 

Calcium 

3179.33 

50%-0.1% 

0.05% 

Chromium 

2835.63 

50%-0.05% 

0.001% 

3021.56 

0.3%-0.002% 

Cobalt 

3044.00 

50%-0.01% 

0.005% 

Copper 

2961.16 

50%-0.5% 

0.0001% 

3247.54 

5%rO-001% 

Indium 

3256.09 

50%-0.005% 

0.0005% 

Iron 

3021.07 

50%r0.003% 

0.001% 

Lanthanum 

3245.12 

50%-0.1% 

0.05% 

Lead 

2802.00 

50%-0.04% 

0.005% 

2833.07 

0.5%-0.01% 

Magnesium 

2802.70 

50%r0.001% 

0.0005% 

Manganese 

2949.20 

50%-2% 

0.0001% 

2801.06 

5%-0.0005% 

Molybdenum 

3158.16 

5%-0.005% 

0.001% 

Nickel 

3050.82 

50%-0.002% 

0.001% 

Phosphorus 

2553.28 

50%-1% 

0.5% 

Potassium 

3446.72 

50%-1% 

1% 

Silicon 

2881.58 

50%-0.005% 

0.005% 

Sodium 

3302.32 

5%-0.01% 

0.005% 

Strontium 

3464.46 

20%-0.1% 

0.05% 

Tin 

3175.02 

50%-0.01% 

0.005% 

Titanium 

3078.64 

50%-0.003% 

0.001% 

Tungsten 

2944.40 

50%-0.1% 

0.05% 

Vanadium 

3185.40 

3%-0.005% 

0.001% 

Zinc 

3345.02 

50%r0.2% 

0.1% 

Zirconium 

3438.23 

50%-0.01% 

0.005% 

ment  in  accuracy  with  the  addition  of  bis- 
muth (along  with  the  germanium)  for  use 
as  an  internal  standard  for  the  more  volatile 
elements  such  as  cadmium,  lead,  and  zinc. 
The  addition  of  an  internal  standard  such  as 
zirconium  would  increase  the  accuracy  ob- 
tained for  the  refractory  elements.  Also,  the 
analytical  results  for  certain  of  the  elements 
would  be  improved  through  the  use  of  addi- 
tional germanium  internal  standard  lines. 
However,  each  of  these  additional  steps  tends 
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to  make  the  procedure  more  complicated 
with  resultant  increase  in  analysis  time, 
greater  chance  for  arithmetic  error,  and 
longer  personnel  training  time. 

It  is  important  when  utilizing  a  method  of 
this  type  that  adequate  controls  be  estab- 
lished to  prevent  relatively  large  errors  from 
entering  the  procedure  over  an  extended 
period  of  time.  Variations  in  excitation  con- 
ditions, instrument  alignment,  sample  prepa- 
ration, emulsion  calibration  or  speed,  and 
photographic  processing  must  be  minimized 
and  corrected  for.  It  is  recommended  that 
standard  mixtures  be  analyzed  periodically 
and  corrections  made  accordingly. 

In  the  authors'  laboratory,  the  procedure 
described  is  applied  to  over  100  different 
samples  each  week.  Water,  inorganic  and 
organic  chemicals,  oils,  dust  collected  in  fil- 
tering and  air  conditioning  systems,  sludges 
and  residues  from  tanks  and  pipes,  metal 
chips,  solders,  plastics,  floor  sweepings,  pho- 
toconductors,  plating  solutions,  minerals,  cor- 
rosion products,  biological  materials,  alloys, 
ores,  and  bearings  are  examples  of  the  general 
types  of  materials  that  have  been  analyzed 
by  this  technique.  The  examples  illustrate  the 
versatility  of  the  procedure  and  also  the  va- 
riety of  problems  to  which  it  can  be  applied. 
The  time  required  for  these  analyses  varies 
from  15  minutes  to2hours  per  sampledepend- 
ing  on  the  form  of  the  sample  as  received,  the 
complexity  of  the  spectrum  obtained,  the 
number  of  elements  sought,  and  the  degree 
of  accuracy  required. 

Considerable  effort  is  required  initially  to 
prepare  standards,  select  spectrum  lines,  and 
establish  the  analytical  curves.  However, 
this  effort  is  easily  justified  when  the  variety 
of  samples  that  can  be  analyzed  by  a  single 
procedure,  the  speed  of  the  analysis,  and  the 
cost  of  obtaining  the  same  information  by 
other  means  are  considered.  In  addition, 
many  of  the  samples  which  can  be  analyzed 
by  this  technique  are  of  such  a  size  and 
nature  that  they  defy  conventional  chemical 
analysis. 
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The  development  of  these  semiquantita- 
tive  techniques  of  universal  applicability  rep- 
resents one  of  the  major  advances  made  in 
terms  of  the  practical  application  of  the  spec- 
trograph  as  an  analytical  tool  in  industry. 
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SEMIQUANTITATIVE  SPECTROCHEMICAL 
ANALYSIS 

As  a  secondary  method,  spectrochemical 
analysis  depends  on  the  use  of  standards 
which,  when  bracketing  the  unknown,  per- 
mit the  analyst  to  make  determinations  by 
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interpolation.  The  principal  requirement  for 
a  set  of  standards,  that  the  materials  match 
as  closely  as  possible  the  unknowns,  can  only 
be  met  when  the  spectrochemist  has  a  pretty 
good  idea  what  his  unknown  is  beforehand. 
Thus,  the  analysis  of  an  ore,  sludge,  dust, 
slag,  corrosion  deposit,  ash,  residue  or,  sim- 
ply, "gook",  presents  a  problem  not  solvable 
by  the  use  of  specific  standards.  In  their 
place  are  used  universal  standards,  ones 
which  are  applicable  to  almost  any  sample 
by  diluting  it  so  the  matrix  resembles  that  of 
the  standards.  For  example,  with  the  Spex  G 
Standards,  which  contain  43  elements  at 
identical  low  concentrations  in  a  graphite 
base,  samples  are  first  diluted  with  graphite. 
The  matrix  effect  is  thus  bypassed. 

Before  going  into  further  detail  on  ana- 
lytical methods,  it  would  be  well  to  trace 
the  history  and  development  of  semiquanti- 
tative  analysis.  Fry1  classified  the  attempts 
to  develop  a  universal  method  of  semiquan- 
titative  analysis  under  five  headings: 

(1)  Disregard  the  matrix  effects. 

(2)  Compare  the  unknown  spectra  with 
spectra  of  synthetic  samples. 

(3)  Correct  for  matrix  effects. 

(4)  Select  internal  standard  for  each  ele- 
ment group. 

(5)  Dilute  unknowns  with  a  large  amount 
of  some  material:  (a)  an  alkali-metal  salt; 
(b)  other  miscellaneous  metal  or  metal  salt. 

As  would  be  expected,  the  first  of  these  is 
subject  to  the  most  error.  Ignoring  the 
matrix  effect  results  in  little  better  than  a 
qualitative  analysis.  Equally  significant,  an 
element  reported  absent  may  be  present  in 
sizable  concentrations  if  the  behavior  of  the 
matrix  is  ignored.  Methods  in  category  (1) 
are  thus  primarily  of  historical  interest. 

In  1938,  Slavin2  developed  the  so-called 
total  energy  concept.  He  postulated  that  if 
a  sample  is  burned  to  completion  the  inten- 
sity of  a  particular  line  wiH  be  proportional 
to  the  number  of  atoms  emitting  it — in  other 
words,  the  concentration.  Burning  nine  dif- 
ferent NBS  samples  to  completion,  he  was 


able  to  obtain  a  straight-line  plot  of  the  den- 
sity of  the  calcium  3179A  line  vs.  the  weight 
of  calcium  in  the  respective  sample.  On  this 
basis,  he  tentatively  concluded  that  any  ele- 
ment in  any  matrix  could  be  measured 
merely  by  determining  the  proportionality 
constant  relating  the  line  density  to  the  mass 
of  the  element  under  the  conditions  used  in  a 
particular  laboratory.  Although  Slavin  did  not 
succeed  in  developing  a  universal  semiquan- 
titative  method  on  this  basis,  he  made  an 
extraordinary  contribution  by  showing  how 
essential  a  complete  burn  is. 

The  total  energy  concept  having  pointed 
the  way  to  better  semiquantitative  meth- 
ods, others  were  developed,  some  along  the 
lines  of  the  second  category  given  above. 
For  instance,  suppose  one  has  to  analyze 
samples  of  Mesabi  ore  for  trace  elements. 
One  carefully  prepares  a  series  of  synthetic 
Mesabi  ores  varying  the  trace-element  con- 
centrations. Using  these  as  standards,  ac- 
curacy can  be  almost  quantitative.  The  main 
drawback  of  this  second  approach  is  that 
such  standards  are  almost  useless  for  the 
analysis  of,  say,  a  KNP  fertilizer  for  trace- 
element  content. 

To  summarize  our  appraisal  of  methods 
(1)  and  (2),  the  former  should  be  used  for 
qualitative  analysis  only.  The  second,  while 
extremely  useful  in  specific  applications,  ob- 
viously begs  the  question.  It  presupposes 
that  the  general  composition  of  the  sample 
is  known.  Very  rarely  is  this  true. 

When  the  importance  of  the  matrix  be- 
came apparent,  workers  sought  means  for 
circumventing  its  influence.  Correcting  for 
matrix  behavior,  the  third  approach,  was 
that  developed  by  Harvey*  in  1947.  He 
made  exhaustive  studies  of  the  effects  on 
spectral  intensity  of  a  wide  variety  of  com- 
mon substances.  These  were  then  converted 
into  correction  factors  and  published  in  ta- 
bles. The  criticism  of  this  system,  like  that 
of  the  previous  one,  is  that  it  is  not  applica- 
ble to  a  complete  unknown.  One  must  have  a 
good  idea  of  the  material  being  analyzed  be- 
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fore  knowing  which  correction  factor  to  use. 
Moreover,  Harvey's  factors  vary  consider- 
able depending  on  the  characteristics  of  the 
individual  spectrograph. 

The  fourth  approach  is  probably  the  most 
unwieldy  as  a  general  method.  If  one  wants 
to  determine  calcium  in  an  unknown,  he 
first  adds  a  known  amount  of  an  element  re- 
sembling calcium,  for  example,  magnesium. 
Prom  the  way  in  which  the  magnesium  lines 
behave,  he  can  correct  for  and  therefore  esti- 
mate the  concentration  of  calcium.  Again, 
although  there  are  occasions  where  the 
method  is  useful,  it  has  two  shortcomings. 
It  requires  the  use  of  a  large  number  of  in- 
ternal standards  for  each  sample;  it  precludes 
the  determination  of  those  elements  which 
are  themselves  added  as  internal  standards. 
But,  like  the  Harvey  method,  it  is  frequently 
a  handy  method,  especially  when  no  stand- 
ards are  available  and  a  proximate  determi- 
nation of  a  particular  element  is  needed. 

The  last  in  our  outline  of  techniques  is  the 
category  into  which  the  Spex  method  falls, 
i.e.,  dilution.  Dating  back  to  1907,  at  least 
twenty  papers  in  the  literature  make  use  of 
this  technique.  It  is  by  far  the  most  uni- 
versally applicable,  the  simplest  and  least 
subject  to  error. 

The  basis  of  the  Spex  adaptation  is  a  pow- 
der called  Spex  Mix.  This  consists  of  com- 
pounds (mostly  oxides)  of  43  common  ele- 
ments weighed  out  so  that  each  element  is 
present  in  exactly  the  same  concentration. 
That  is,  enough  silver  oxide  is  weighed  out 
to  yield  l.OOg  of  silver;  enough  antimony 
oxide  to  yield  l.OOg  of  antimony;  enough  cal- 
cium carbonate  to  yield  l.OOg  of  calcium,  etc. 
Separately,  each  compound  is  first  ground 
down  to  —200  mesh  and,  after  being 
weighed,  the  compounds  are  ball-milled  for 
many  hours  to  assure  uniformity.4  Calcula- 
tion will  give  the  figure  of  1.34  %  concentra- 
tion for  every  element  present. 

The  actual  elements  present  in  Spex  Mix 
are  listed  below: 
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Ag  Be    Co  Fe  Mg  Ni  Si  Th    W 

Al  Bi    Or  Ge  Mn  P  Sn  Ti     Zn 

As  Ca    Cs  Hg  Mo  Pb  Sr  Tl     Zr 

B  Cd   Cu  K  Na  Rb  Ta  U 

Ba  Ce    F  Li  Nb  Sb  Te  V 

The  G  standards  are  made  by  diluting 
Spex  Mix  with  high-purity  graphite.  The  ac- 
tual graphite  chosen  is  United  Carbon  Prod- 
ucts Co.,  UCP-2,  -100  mesh.  The  coarse 
particles  in  this  material  have  relatively  little 
tendency  to  fly  out  of  the  electrode  cup  dur- 
ing burning,  a  factor  often  overlooked  when 
poor  precision  is  a  problem.  Standard  G-l 
contains  0.100%  of  each  of  the  43  elements. 
It  is  made  by  mixing  0.100  weight  units  of 
Spex  Mix  with  1.24  weight  units  of  graphite. 
Containing  0.010%  of  these  elements,  G-2 
is  made  by  diluting  G-l  by  a  factor  of  10 
with  graphite.  The  procedure  is  repeated  for 
G-3  and  G-4,  the  last  containing  1  ppm  of 
the  elements. 

For  determination  of  the  rare  earth  ele- 
ments, there  are  analogous  standards.  Rare 
Earth  Spex  Mix  contains  5.28%  of  the  fol- 
lowing 16  elements: 

Ce  Er  Gd  La  Nd  Sm  Tb  Yb 
Dy  Eu  Ho  Lu  Pr  Sc  Tm  Y 

The  Rare  Earth  L  Standards  consist  of  a  set 
of  four  at  0.5  %,  0.05  %,  0.005  %  and  0.0005  % 
levels  for  each  of  the  16  elements  in  a  lithium 
carbonate  base. 

For  the  determination  of  noble  metals,  a 
preparation  called  Noble  Metal  Spex  Mix 
containing  9.32%  of  the  following  elements 
is  used: 

Au    In    Pt    Ru 
Ga    Ir    Re 
Hf    Pd  Rh 

The  Noble  Metal  G  Standards  contain  the 
above  elements  in  a  graphite  base  at  0.5%, 
0.05  %,  0.005  %  and  0.0005  %  levels. 

An  unknown  powder  is  brought  into  the 
laboratory.  Let  us  proceed  to  analyze  it  hy- 
pothetically.  We  take  10  mg  of  the  sample 
and  mix  it  with  90  mg  of  graphite  to  obtain 
a  1:10  dilution.  To  determine  elements 
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above  1  %,  a  second  ten-fold  dilution  is  re- 
quired and  a  third  for  elements  above  10%. 
The  Mixer/Mill  is  recommended  for  the  di- 
lution operations.  With  it,  a  plastic  ball 
shakes  the  materials  to  be  mixed  in  a  plastic 
vial  electrically  for  10-60  seconds.  The  short- 
est mixing  time  possible  is  desirable  in  order 
to  keep  the  grinding  action  to  a  minimum. 
We  prepare  the  following  samples: 

.x  the  original  unknown  diluted  with  graphite 
1:9 

.Ox  the  original  unknown  diluted  with  graphite 
1:99 

.OOrc  the  original  unknown  diluted  with  graphite 
1:999 

The  actual  technique  recommended  de- 
pends on  the  accuracy  requirements.  In  a 
typical  procedure,  all  of  these  materials  are 
burned  to  completion  on  the  same  plate  and 
under  the  same  conditions  as  the  entire  set  of 
G  standards.  A  d.c.  arc  of  5-10  amperes  is 
employed;  the  sample  electrode  is  made  elec- 
trically positive.  Typical  electrodes  used  for 
this  work  are  a  shallow-crater,  undercut 
%$"  dia.  preform  (National  Carbon  Co. 
L-3906,  UCP  105-S)  with  a  pointed  %"  dia. 
upper.  Whatever  the  electrode  used,  the 
sample  must  be  burned  to  completion. 

Table  1  is  a  hypothetical  example  of  the 
kind  of  results  to  be  expected.  Here  it  was 
not  necessary  to  dilute  the  sample  to  .OOx 
since  it  was  known  beforehand  that  all  ele- 
ments were  present  below  10%  concentra- 
tion. 

Interpretation  of  Table  1  would  be  as  fol- 
lows: the  silicon  at  the  100  times  dilution 
(.Ox)  matches  the  silicon  in  G-l.  In  other 
words,  it  contains  approximately  .1  %  at  this 
dilution.  Multiplying  by  the  dilution  factor 
of  100,  the  sample  is  thus  calculated  to  con- 
tain about  10  %  silicon. 

The  copper  in  this  sample  at  the  .x  dilu- 
tion matches  G-4  and  therefore  represents 
about  .000a?%.  Multiplying  by  the  dilution 
factor,  the  original  sample  contains  about 


TABLE  1.  HYPOTHETICAL  EXAMPLE  OF 
ANALYSIS  USING  G  STANDARDS 


Intensity  of  Spectral  Lines* 

Material 

Si 
2881  A 

Ca 

3247  A 

3281  A 

B 

2498  A 

X 

7 

2 

0 

0 

.X 

6 

1 

1 

0 

.Qx 

4 

0 

0 

0 

G-l 

4 

4 

4 

4 

G-2 

3 

3 

3 

3 

G-3 

2 

2 

2 

2 

G-4 

1 

1 

1 

1 

The  silver  presents  an  interesting  example 


*  Visual  estimates  of  intensity:  0  is  not  de- 
tected; 7  is  very  strong. 

in  that  it  is  not  detected  in  the  original  sam- 
ple but  detected  by  the  first  dilution.  This 
frequently  occurs,  the  graphite  diluent  ac- 
tually tending  to  improve  sensitivity.  In  this 
example,  the  silver  concentration  is  around 
.001  %  in  the  original  sample. 

Boron  is  not  detected  in  the  sample  nor 
in  any  of  its  graphite  dilutions.  Without 
standards,  it  would  simply  be  reported  "not 
detected."  One  big  advantage  of  the  Spex 
method  is  that  the  determination  is  amplified 
to  read  "not  detected,  less  than  .001  %."  We 
reason  thus:  since  boron  shows  in  all  four 
of  the  standards,  its  limit  of  detection  is  at 
least  .0001  %.  This  means  that  .0001  %  would 
be  detected  in  .x,  the  first  dilution  of  the 
sample.  Multiplying  by  10,  as  previously,  we 
state  that  the  boron  content  of  the  original 
sample,  if  present,  is  less  than  .001  %. 

While  our  own  work  has  been  with  three 
types  of  matrices  used  as  diluents  (graphite, 
lithium  carbonate  and  zinc  oxide)  for  semi- 
quantitative  work,  others  have  been  chosen 
and  are  being  used  successfully.  Jaycox6 
originally  employed  cupric  oxide  diluted  in 
the  ratio  of  at  least  9  to  1  with  the  sample 
but  recently  has  modified  the  procedure 
through  the  addition  of  spectrographically 
pure  germanium  oxide,  added  in  various  pro- 
portions with  the  cupric  oxide.  Silica  has  a 
number  of  advantages  but  one  drawback: 
when  burned  in  air,  its  spectrum  has  a  num- 
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FIG.  1.  Hodge  scale  mounted  on  the  screen  of  a 
comparator  for  matching  line  intensities. 
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FIG.  2.  Graduated  density  steps  as  used  by 
Hodge  for  semiquantitative  analysis. 

her  of  SiO  bands  which,  interfere  with  many 
lines.  Mixtures  of  graphite  and  lithium  car- 
bonate, first  suggested  for  the  analysis  of 
petroleum  ashes,7  combine  the  beneficial  re- 
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ducing  effects  of  the  former  with  lithium  car- 
bonate's property  of  stabilizing  the  d.c.  arc. 

E.  S.  Hodge,  of  Mellon  Institute,  has  de- 
vised a  scheme  for  reducing  the  number  of 
exposures  required.  His  laboratory  serves  a 
wide  variety  of  ever-changing  research  proj- 
ects and  almost  every  unknown  is  unique. 
Rather  than  running  a  complete  set  of  stand- 
ards on  each  film,  Hodge5  uses  a  precali- 
brated  density  scale  mounted  inside  the 
screen  of  the  microphotometer  as  pictured 
in  Figure  1.  Employing  a  matching  tech- 
nique, he  assigns  a  figure  from  0  to  7  depend- 
ing on  which  step  is  best  matched  by  the 
spectrum  line  in  the  sample.  For  example, 
suppose  at  the  1:100  dilution,  the  silicon 
2881A  line  in  a  particular  sample  matches 
step  3.  He  refers  to  a  conversion  chart  pre- 
viously prepared  and  finds  that  3  represents 
approximately  the  same  concentration  as  the 
silicon  content  in  G-2  or  0.01  %.  Multiply- 
ing by  the  dilution  factor  of  100,  he  reports 
approximately  1  %  silicon  in  the  original 
sample. 

Part  of  the  conversion  chart  is  shown  in 
Table  2.  The  most  common  spectral  lines 
are  chosen  for  each  element  but  room  is  left 
for  compilation  of  other  lines.  At  the  micro- 
photometer,  density  numbers  are  assigned 
by  visually  matching  the  unknown  line  with 
a  step  on  scale.  Next,  by  referring  to  the  con- 
version chart  and  multiplying  by  the  dilu- 
tion factor,  the  approximate  %  concentra- 
tion is  inserted. 

Analysis  of  "Pure"  Materials 

Thus  far,  we  have  considered  the  analysis 
of  impure  materials  consisting  of  a  number 
of  elements  rather  than  essentially  one.  An- 
other problem  is  the  analysis  of  a  pure  ma- 
terial. Here  the  task  again  is  not  only  to 
determine  the  concentration  of  impurities 
present  but  also  assign  'less. than"  figures 
for  those  elements  not  found. 

This  solution  makes  use  of  Spex  Mix  itself. 
It  is  diluted  with  the  sample  in  several  ratios. 
A  comparison  of  the  spectra  of  the  original 
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material  with  the  diluted  materials  is  the 
basis  of  the  method.  An  example  will  clarify 
this. 

Let  us  call  the  sample  to  be  analyzed  "A". 
We  first  dilute  1.24g  of  the  sample  with  O.lOg 
of  Spex  Mix.  This,  which  we  shall  call  "B", 
now  contains  0.10  %  of  all  of  the  43  elements 
added  to  the  sample.  (In  other  words,  if 
there  was  0.5%  iron  in  sample  A  to  begin 
with,  B  will  contain  0.6%.  If,  on  the  other 
hand,  the  sample  contained  no  germanium, 
then  B  will  contain  0.1  %.)  Next  we  dilute  B 
with  the  original  sample  in  the  ratio  1B:9A. 
This  we  call  C  which  adds  0.010  %  of  the  43 
elements  to  the  original  sample  A.  Likewise 
D  and  finally  E  are  prepared  by  subsequent 
dilutions. 

Table  3  gives  the  results  to  be  expected  in 
a  typical  sample. 

In  Table  3,  silicon  would  be  reported 
.Ooj%.  We  notice  that  the  intensity  grades 
from  A  to  B  to  C  but  that  C,  D  and  E  have 
about  the  same  intensity.  The  addition  of 
0.01  %  at  C  resulted  in  an  intensity  change 
but  the  addition  of  0.001  %  at  D  did  not. 
In  other  words,  there  must  have  been  at 
least  0.01  %  silicon  in  the  original  sample. 

TABLE  2.  CONVERSION  CHART  (%  CONCENTRATION 

FROM  DENSITY  NUMBER)  FOR  USB  WITH  HODGE 

SEMIQUANTITATIVE  SCALE 


TABLE  3.  ANALYSIS  OF  HYPOTHETICAL  SAMPLE 
OF  "PURE  MATERIAL"  USING  SPEX  Mix 


Element 

WJL.,A 

Density  Number  vs. 
%  Concentration 

1 

2 

3 

4 

5 

6 

7 

Ag 

3281 

Al 

3093 

As 

2350 

B 

2498 

B 

5535 

Be 

2349 

Bi 

3068 

Ca 

4227 

Cd 

2288 

Ce 

4187 

Co 

3453 

Or 

4254 

Cs 

4555 

Cu 

3247 

Intensity  of  Spectral  Lines* 

Desig. 

Comp. 

Si 

Cu 

B 

Zn 

2881  A 

3247  A 

2498  A 

3345A 

A 

Original  sample 

6 

0 

7 

0 

B 

0.10%  added 

4 

7 

6 

4 

C 

0.010%  added 

2 

4 

6 

2 

D 

0.001%  added 

2 

2 

6 

1 

E 

0.0001%  added 

2 

1 

6 

0 

*  Visual  estimates  of  intensity:  0  is  not  de- 
tected; 7  is  very  strong. 

Copper  in  the  original  sample  was  not  de- 
tected. But  what  is  the  limit  of  detection  in 
this  matrix?  We  note  that  copper  is  detected 
in  the  lowest  dilution,  at  1  ppm  and  we 
therefore  report:  copper  not  detected,  less 
than  0.0001%. 

The  boron  content  is  interesting  in  that 
it  shows  that  the  "pure"  material  is  really 
not  pure,  containing  at  least  0.1  %  of  boron. 
Visually,  the  0.1  %  addition  and  the  0.01  % 
addition  of  boron  appear  identical  on  the 
microphotometer.  Therefore,  the  original 
sample  must  have  had  at  least  0.1  %. 

Like  copper,  zinc  is  not  detected  in  the 
original  sample.  Unlike  copper,  however,  it 
is  not  detected  at  the  final  dilution.  It  is 
reported:  zinc,  not  detected,  less  than 
0.001%. 

Organic  Materials 

Thus  far  we  have  described  the  analysis  of 
miscellaneous  and  pure  materials.  Organic 
compounds  fall  in  a  third  category  mainly 
because  of  the  necessity  of  ashing  them  be- 
fore analysis.  Either  wet  ashing  or  dry  ash- 
ing may  be  employed;  there  are  advantages 
and  disadvantages  to  both.  In  general,  there 
is  a  tendency  to  add  impurities  in  the  former 
and  lose  impurities  in  the  latter. 

A  typical  dry  ashing  procedure  for  the 
analysis  of  organic  materials  would  be  to 
start  with  a  one  gram  sample  of  the  material 
and  then  char  it  in  a  platinum  crucible.  The 
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time  and  temperature  would  depend  on  the 
particular  material  but  both  should  be  kept 
to  a  minimum.  After  charring,  O.lOg  of  spec- 
trographic  grade  zinc  oxide  or  lithium  car- 
bonate is  added  and  mixed  in  the  crucible  for 
about  a  minute  with  a  small  spatula.  The 
mixture  is  then  ashed  at  about  450°C  and 
shaken  in  the  Mixer/Mill  or  otherwise 
ground  to  a  homogeneous  powder.  Since 
this  material  is  to  be  analyzed  against  the 
Spex  Z  (zinc  oxide)  or  L  (lithium  carbonate) 
standards,  a  small  amount  of  each  of  the 
standards  can  be  ashed  as  "blanks".  In 
other  words,  an  element  such  as  arsenic  will 
volatilize  in  much  the  same  manner  in  the 
standards  as  in  the  unknown  so  that  a  cor- 
rection factor  will  be  automatically  applied 
in  this  manner.  A  word  of  caution  should  be 
given  here.  Do  not  add  zinc  oxide  directly  to 
the  organic  material  before  it  is  charred.  Par- 
tial reduction  of  the  zinc  oxide  to  the  base 
metal  will  occur  with  consequent  loss  of  ac- 
curacy. 

The  procedure  given  above  concentrates 
the  elements  in  the  organic  material  by  a 
factor  of  10.  Of  course,  if  one  starts  with  lOg 
or  lOOg  of  the  original  material,  a  concentra- 
tion of  100  or  even  1000  is  possible.  In  the 
final  calculations,  values  are  simply  multi- 
plied by  the  appropriate  factor. 

Although  zinc  oxide  burns  smoothly  and 
reproducibly  in  a  d.c.  arc  without  the  for- 
mation of  a  refractory  bead,  many  spec- 
trographers  prefer  to  mix  it  with  an  equal 
quantity  of  graphite  before  burning.  Such  a 
procedure  is  that  developed  by  G.  W.  Stan- 
den  of  the  New  Jersey  Zinc  Company.  His 
electrode  is  a  %ff  diameter  rod  with  a  hole 
drilled  to  a  depth  of  about  %"  and  burn- 
ings are  again  made  to  completion. 

Accuracy 

When  the  original  work  on  the  Spex  stand- 
ards was  done,  a  precision  figure  of  ±30% 
was  claimed.  Since  that  time,  many  spectrog- 
raphers  have  told  us  that  they  have  at- 
tained ±10%  by  taking  densitometric  read- 
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ings  and  observing  precautions  ordinarily 
reserved  for  quantitative  work,  such  as  cor- 
recting for  background,  running  samples  and 
standards  in  replicate  on  the  same  plate,  etc. 

While  it  is  good  to  know  that  by  spending 
more  time  on  the  problem  excellent  accuracy 
may  be  attained,  a  balance  between  the  cost 
and  the  value  of  the  analysis  should  always 
be  maintained.  With  this  in  mind,  the  follow- 
ing will  show  what  returns  can  be  expected 
from  the  least  effort,  the  most  effort  and 
several  intermediate  degrees  of  effort. 

Undoubtedly,  the  simplest  method  of 
semiquantitative  analysis  when  any  volume 
is  involved  is  that  devised  by  Hodge.  A  few 
hours  spent  in  precalibration  of  the  stand- 
ards against  a  stepped  intensity  scale  is  re- 
warded by  a  large  saving  in  time  when  sam- 
ples are  run.  Hodge  reports  that  for  200 
determinations  on  NBS  samples,  90%  of  all 
concentrations  found  fell  within  the  range 
J^  to  3  times  the  standardized  values.  This 
TYmyinmiTn  range  is  the  criterion  of  semi- 
quantitative  accuracy  assigned  by  ASTM.1 

A  variation  of  Hodge's  method  is  to  pre- 
pare a  master  plate  (instead  of  an  intensity 
scale)  containing  an  entire  set  of  semiquan- 
titative standards  and  run  under  conditions 
identical  with  those  to  be  employed  for  un- 
knowns. Lines  on  this  plate  are  marked  off  to 
facilitate  identification.  While  requiring  a 
good  deal  more  preparatory  work,  this 
method  has  an  advantage  in  accuracy  over 
Hodge's  systems.  The  zinc  line  at  3345A,  for 
example,  will  be  just  as  diffuse  on  both  the 
comparison  and  the  unknown  plates  and  the 
respective  backgrounds  will  be  equivalent, 
too.  Matching  is  more  exact  than  with  the 
Hodge  scale  since  one  does  not  have  to  make 
mental  corrections  for  differences  in  back- 
ground and/or  line  shape.  Precision  possi- 
ble with  this  matching  technique  is  perhaps 
such  that  the  results  will  fall  between  J^  and 
twice  the  correct  value. 

The  main  sources  of  error  in  the  second 
method  are  the  every-day  variations  in  pho- 
tographic processing,  the  emulsion  itself,  the 
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temperature  and  especially  humidity  in  the 
laboratory.  All  of  these  may,  of  course,  be 
minimized  by  running  the  standards  and  un- 
knowns on  the  same  plate.  Transmittances 
may  then  be  compared  visually  and  results 
will  be  accurate  within  ±50  %  of  the  amount 
present. 

The  techniques  involved  in  squeezing  out 
the  optimum  precision  involve  taking  densi- 
tometric  readings  and  plotting  working 
curves.  In  this  category,  the  simplest  method 
is  to  plot  %  transmittance  vs.  %  concentra- 
tion on  log-log  paper.  Alternatively,  line-to- 
background  ratios  may  be  plotted  with  a 
significant  gain  in  accuracy.  Appropriate 
lines  may  be  used  for  internal  standardiza- 
tion. 

Probably  the  most  accurate  technique  de- 
vised to  date,  one  truly  quantitative  and  uni- 
versal, is  that  of  Tingle  and  Matocha.8  What 
they  have  done  is  to  eliminate  the  known 
variables  one  by  one  until  the  desired  ac- 
curacy— 1  to  2%  is  claimed — is  achieved. 
After  the  sample  is  pulverized  to  at  least 
—  100  mesh,  and  dried  carefully,  a  0.250g 
portion  is  mixed  with  l.OOOg  of  lithium  car- 
bonate and  1.5000g  of  boric  oxide.  The  mix- 
ture is  then  fluxed  in  a  graphite  crucible  at 
1000°C  for  8  minutes.  After  solidifying,  the 
resulting  beads  are  ground  in  an  impact 
grinder  using  a  tungsten  carbide  vial  and 
ball  for  about  1  minute.  An  automatic  sieve 
shaker  is  used  to  remove  O.SOOg  of  —325 
material  and  this  is  mixed  mechanically 
with  O.GOOg  of  briquetting  grade  graphite 
powder  which  is  screened  for  particle  size 
uniformity,  too.  A  }%*  dia.  pellet  is  made  of 
the  mixture  using  a  hydraulic  press  at  44,000 
psi.  This  is  sparked  and  analyzed  with  a  di- 
rect-reading spectrometer  (Quantometer). 

Though  unwieldy  and  costly  for  the  spec- 
trographer  with  but  an  occasional  sample  to 
analyze,  the  method  of  Tingle  and  Matocha 
has  been  adopted  by  the  Aluminum  Com- 
pany of  America  for  routine  analysis.  Mecha- 
nization at  almost  every  step  has  not  only 
been  rewarded  with  a  fast  method  but  one 


dependable  and  highly  accurate  as  well.  It 
has  been  successfully  tested  not  only  on  in- 
numerable production  samples  but  also  by 
the  National  Bureau  of  Standards.  The  one 
drawback  is  in  sensitivity  where  the  dilution 
of  the  sample  and  the  use  of  a  spark  limit  the 
detectability  to  around  0.01  %  for  the  "av- 
erage" element. 

Because  most  methods  of  semi  quantitative 
analysis  lean  so  heavily  on  dilution,  one  ob- 
vious disadvantage  involves  sensitivity.  If  a 
sample  contains  an  element  at  around  its 
sensitivity  level,  a  ten-fold  dilution  ordinar- 
ily drops  the  lines  below  the  threshold  of  de- 
tectability. Especially  in  view  of  the  current 
intense  interest  in  trace  elements,  this  prob- 
lem is  indeed  significant. 

How  to  improve  sensitivity  has  been  the 
subject  of  numerous  recent  papers,  increas- 
ing emphasis  being  placed  on  the  use  of  at- 
mospheres excluding  nitrogen.9' 10  Various 
concentrations  of  argon-oxygen  appear  to  be 
the  most  common  choice.  While  the  actual 
improvement  in  limits  of  detection  is  too 
closely  related  to  the  individual  spectrograph 
to  be  stipulated,  it  can  be  stated  categoric- 
ally that,  for  those  elements  with  most  per- 
sistent lines  in  the  broad  cyanogen  band  re- 
gions, there  is  at  least  a  ten-fold  improvement 
in  sensitivity  using  a  nitrogen-free  atmos- 
phere. The  best  means  for  achieving  such  an 
atmosphere  is  an  enclosed  chamber.  A  sim- 
pler means  of  reducing— but  not  entirely 
eliminating — nitrogen  is  with  a  Stallwood 
Jet.11  The  latter,  operating  in  the  open,  uses 
a  sheath  of  gas  blowing  concentrically  up- 
wards around  the  arc  gap.12 
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A.  J.  MlTTBLDORF 

SILICON-GERMANIUM  ALLOYS 

The  spectrograph  is  most  generally  used 
for  analyses  of  minor  or  trace  constituents. 
This  is  especially  true  in  the  electronics  in- 
dustry where  scientists  are  constantly  striv- 
ing to  obtain  materials  for  semi-conductor 
use  with  impurities  in  the  parts  per  billion 
range.  For  example,  boron  has  been  deter- 
mined in  silicon  in  this  range.4  The  graphite 
spark  technique  has  also  been  developed  for 
determining  very  small  amounts  of  impuri- 
ties in  silicon  and  other  semi-conductor  ma- 
terials.8 

The  spectrograph  has  also  been  useful  in 


the  analyses  of  major  constituents  wherever 
chemical  methods  involve  difficult  separa- 
tions or  the  methods  are  long  and  tedious. 
Two  component  systems  have  been  analyzed 
over  the  entire  concentration  range  by  the 
spectrographic  method.  Raikhbaum5  studied 
the  lead-tin  system;  Herman2  studied  the 
system  niobium  pentoxide-tantalum  pentox- 
ide;  and  Gardels  and  Whitaker1  studied  the 
silicon-germanium  system. 

In  the  analyses  of  silicon-germanium  al- 
loys it  was  found  that  this  binary  system 
could  be  analyzed  over  a  concentration  range 
of  1  to  98  mole  %  silicon  by  first  using  ger- 
manium as  a  variable  internal  standard  for 
silicon  and  then  using  silicon  as  a  variable 
internal  standard  for  germanium.  A  total  of 
only  three  silicon  lines  and  one  germanium 
line  was  used.  The  line  pair  Si-2506/Ge-2498 
covered  the  1  to  15  mole  %  silicon  region 
and  the  pair  Si-2435/Ge-2498  covered  the  5 
to  70  mole  %  silicon.  For  alloys  of  higher 
silicon  content,  silicon  was  used  as  the  in- 
ternal standard  with  the  pair  Ge-2498/Si- 
2535  being  used  for  the  analysis.  With  a 
d.c.  arc  procedure,  the  standard  deviation 
was  less  than  ±8%  of  the  amount  of  the 
element  being  determined  over  a  range  of 
concentrations. 
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FIG.  1.  Group  of  analytical  curves  for  silicon. 
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The  working  curves  were  prepared  by 
plotting  mole  %  vs.  the  relative  intensity 
ratio.  This  method  of  plotting  gave  a  straight 
line  calibration  curve  using  a  variable  in- 
ternal standard  even  though  theory  predicts 
that  a  straight  line  would  be  obtained  when 
plotting  concentration  ratios  vs.  relative 
intensity  ratios.  Figure  1  illustrates  the  vari- 
ous methods  of  plotting  concentrations  for 
alloys  containing  5  to  70  mole  %  silicon.  The 
curvature  of  curves  1  and  2  towards  the  con- 
centration axis  indicates  self  absorption  in 
the  analysis  line.  The  straight  line  obtained 
when  plotting  mole  %  is  probably  due  to 
compensation  for  self  absorption  of  the  anal- 
ysis line  when  a  ratio  plot  is  used.  The  wt.  % 
plot  would  not  be  parallel  to  the  mole  %  plot 
since  wt.  %  silicon  is  not  directly  propor- 
tional to  mole  %.  Curve  4  is  convenient  to 
use  since  it  gives  the  answer  directly  and 
since  the  working  curve  is  a  straight  line. 
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SOLUTIONS,  SPECTROCHEMICAL  ANALYSIS  OF 

In  recent  years  the  use  of  solutions  in  spec- 
trographic  analysis  has  rapidly  increased. 
This  may  be  due  to  the  problems  posed  by 
the  development  of  new  alloys,  by  the  grow- 
ing use  of  "new"  metals,  and  by  additional 
interest  in  fields  hitherto  considered  unusual, 
such  as  analysis  of  trace  elements  in  organic 
materials. 

The  use  of  solutions  has  numerous  advan- 
tages. One  is  increased  sensitivity.  As  an  ex- 
ample, the  application  of  ion-exchange  meth- 


ods for  analysis  of  trace  elements  in  organic 
materials  has  improved  the  sensitivity  of 
Spectrochemical  methods  by  several  orders 
of  magnitude. 

Another  advantage  is  a  saving  in  time.  A 
simple,  practical  solution  method  can  save 
the  time  ordinarily  required  to  prepare  a 
sample  for  analysis,  as  many  samples  sub- 
mitted to  the  laboratory  are  already  in  the 
form  of  solutions.  Additional  time  can  be 
saved  by  analyzing  an  aliquot  rather  than 
the  entire  sample.  For  example,  if  the  aver- 
age value  of  the  composition  of  a  multitude 
of  samples  is  to  be  determined,  small  por- 
tions of  the  components  can  usually  be  put 
in  solution  quite  conveniently  and  an  aliquot 
treated  as  the  homogeneous  average  of  the 
total. 

Standard  samples  can  be  prepared  at  will 
to  contain  any  concentration  of  the  elements 
of  interest. 

Furthermore,  solution  analysis  is  often  the 
simplest  approach.  Heterogeneous  samples 
cannot  be  reasonably  analyzed  by  a  point-to- 
plane  technique.  This  applies  to  metallic 
samples  which  form  an  excessively  large 
grain  structure  upon  solidification.  Quanti- 
tative analysis  of  semiconductor  and  non- 
conductor materials  can  often  be  accom- 
plished more  readily  and  accurately  by 
solution  techniques  as  opposed  to  standard 
d.c.  arc  methods. 

The  only  requisite  for  solution  analysis  is 
that  the  sample  be  indeed  a  true  solution. 
Therefore,  the  chemistry  of  the  sample  must 
be  considered  carefully  because  precipita- 
tion of  a  component  must  be  avoided. 

The  many  outstanding  advantages  of  solu- 
tion techniques  by  far  overshadow  some  of 
the  objections.  Newer  and  simpler  methods 
have  become  available  which  make  most  of 
the  procedures  easier,  faster,  and  more  con- 
venient, and  eliminate  to  a  large  extent  the 
spattering  which  has  so  often  been  associated 
with  solution  methods.  Solution  analysis  of- 
ten remains  the  only  practical  approach  to 
the  solution  of  an  analytical  problem. 
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Methods 

For  convenience,  solution  methods  can  be 
classed  into  four  general  categories: 

(1)  Spray    methods.    The    solution    is 
sprayed  into  the  discharge  gap  by  means  of  a 
pressure  system  or  by  means  of  reduced  pres- 
sure in  the  discharge  gap. 

(2)  Capillary-action  systems.  The  solu- 
tion is  brought  to  the  discharge  gap  by  capil- 
lary action. 

(3)  Mechanical  devices.  The  solution  is 
brought  to  the  discharge  gap  by  a  mechani- 
cal device. 

(4)  Evaporation    and    absorption    tech- 
niques. The  solution  is  evaporated  on  or  ab- 
sorbed by  a  matrix  (electrode)  material  and 
thus  brought  to  the  discharge. 

Spray  Methods.  Although  classical  flame 
photometry  properly  belongs  to  this  classifi- 
cation, it  is  discussal  elsewhere  (p.  330)  be- 
cause it  is  usually  treated  as  an  independent 
analytical  method. 

The  method  of  Eberius1  is  a  clean  method 
though  somewhat  wasteful  of  sample  ma- 
terial (Fig.  1).  It  utilizes  two  drilled  graphite 
stick  electrodes  of  5-mm  diameter.  The  up- 
per one  has  a  3-mm  hole  and  the  lower  one  a 
1.5-mm  hole.  The  sample  is  contained  in  a 
leveling  container  which  is  connected  to  the 

To  Suction 


u 


Levelling 
Container 

FIG.  1.  Eberius  method. 


lower  electrode  by  tubing.  In  this  manner  the 
sample  flows  through  the  electrode  into  the 
gap.  The  upper  electrode  is  connected  by 
tubing  to  a  water  suction  device  which  re- 
moves droplets  and  excess  vapors  from  the 
excitation  gap  and,  secondarily,  assists  in 
the  maintenance  of  a  continuous  flow  of  ma- 
terial to  the  gap.  A  glass  collar  is  attached 
to  the  lower  electrode  to  collect  that  portion 
of  waste  solution  which  drops  from  the  gap 
and  is  not  removed  by  the  suction  at  the 
counter  electrode. 

Another  method,  by  DuBois,  Tuteur,  and 
Mahan,2  is  based  on  a  series  of  atomizing 
devices  which  discharge  into  a  plastic  con- 
tainer. The  vapors  produced  are  forced 
through  a  drilled  electrode  which  is  attached 
to  the  top  of  the  container.  A  graphite  stick 
electrode  serves  as  the  counter  electrode. 
Varying  the  pressure  and  the  nozzle  size  of 
the  vaporizers  adjusts  the  amount  and  the 
density  of  the  solution  presented  to  the  gap. 

In  the  vacuum-cup  electrode  method  (Fig. 
2),  Zink8  uses  the  reduced  pressures  which 
are  normally  present  in  the  discharge  gap  to 
transport  the  sample  from  a  reservoir  to  the 
gap.  There  it  appears  as  a  fine  spray  and  is 
vaporized  and  excited.  Using  an  a.c.  dis- 
charge, he  utilizes,  in  effect,  a  pump.  The 
pressure  in  the  gap  fluctuates  with  each  half- 
cycle  and  the  speed  of  pumping  is  regulated 
by  the  number  of  discharges  per  half  cycle. 
As  an  alternative,  Zink  proposes  a  2J£  inch- 
long  graphite  rod  drilled  with  a  No.  70  drill. 
By  means  of  this  rod,  the  same  reduced- 
pressure  pump  system  transports  the  sample 
to  the  gap.  An  advantage  of  this  variation  is 
that  the  sample  can  be  taken  directly  from 
the  beaker  in  which  it  was  prepared,  and 
thus  the  chances  for  contamination  are  re- 
duced. The  sensitivity  is  higher  than  that  of 
many  methods  by  several  orders  of  magni- 
tude, with  no  loss  of  precision. 

The  "spark-in  spray"  technique  of  Malm- 
stadt  and  Scholz,4  also  utilizes  spark  excita- 
tion. A  Beckman  burner  is  used  as  in  the 
normal  flame  method,  but  the  less  easily  ex- 
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(Covrtw  of  United  Carbon.  Product*  Co., 

FIG.  2.  The  "vacuum-cup"  electrode. 


cited  elements  are  volatilized  and  excited  by  a 
spark,  which  is  made  to  break  down  across 
the  very  fine  spray  produced  by  the  atom- 
izer. 

The  application  of  the  plasma  jet  to  spec- 
trochemical  analysis  is  described  by  Margo- 
shes  and  Scribner.5  There  is  no  doubt  that 
the  application  of  a  relatively  low  current 
(15-20  A)  plasma  jet,  which  can  be  driven 
by  most  presently  existing  d.c.  arc  sources, 
will  prove  to  be  a  boon  to  spectrography. 

Capillary-Action  Systems.  Various 
methods  based  on  capillary  action  are  found 
in  the  literature.  Twyman6  mentions  the 
method  of  Hartley,7  which  may  function  at 
least  in  part  by  capillary  action.  Since  the 
time  of  Hartley's  work,  many  other  capillary 
methods  have  been  developed.  None,  how- 
ever, have  become  very  successful. 

Hartley  introduces  his  sample  into  a  glass 
U  tube.  One  end  is  stoppered  with  a  "brush" 
which  is  cut  from  "good"  graphite  and  which 
is  connected  to  the  excitation  source,  a  Ley- 
den  jar,  by  a  platinum  wire.  Similarly,  the 


counter  electrode  is  a  graphite  brush  held  in 
a  glass  tube  and  connected  by  a  platinum 
wire. 

One  of  the  more  successful  methods  is  the 
"plastic  cup"  method  (Kg.  3)  of  Henry  and 


7/16 


FIG.  3.  The  "plastic  cup'9  electrode  configura- 
tion. The  "Lucite"  cup  is  attached  to  the  graphite 
electrode  by  means  of  "Duco"  cement. 
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Leslie.8  A  simple,  straightforward  method, 
it  employs  "capillary  action"  along  the  elec- 
trode surface  to  transport  the  sample  to  the 
electrode  top  for  excitation.  The  tendency 
of  the  solution  to  boil  under  more  severe  exci- 
tation conditions  enhances  this  action. 

A  variation  of  this  method  is  described  by 
Mitchell,  Orme,  and  Farrell.10  The  cup  is 
made  of  glass  in  the  shape  of  a  small  funnel. 
The  electrical  connection  is  made  by  means 
of  a  tungsten  wire  which  is  fused  into  the 
funnel.  A  cap  of  graphite  placed  over  the 
upper  end  of  the  tungsten  wire  provides  the 
counter  electrode  and  the  medium  for  capil- 
lary action. 

Eichhoff's  capillary  electrode  (Fig.  4)  was 
used  as  the  basis  for  the  vacuum-cup  elec- 
trode.8 While  it  is  somewhat  cumbersome,  it 
is  a  useful  method  when  only  a  small  amount 
of  sample  is  available.11-12 

Mechanical  Devices.  Most  of  the  pres- 
ently used  techniques  apply  some  mechani- 
cal means  of  transporting  the  sample  to  the 
analytical  gap.  The  most  favored  of  these 
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106  861 

(Courtesy  United  Carbon  Products  Company) 

(a) 


FIG.  4.  The  capillary  electrode  by  Eichhoff. 
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(Courtesy  JarreU-Ash  Company) 

(b) 

FIG.  5.  (a)  Preformed  rotating  electrode  disks, 
(b)  Rotating  electrode  attachment. 

is  the  rotating-disk  electrode18'21  (Fig.  5) 
generally  credited  to  Pagliassotti  and  Por- 
sche.18 Although  it  was  originally  developed 
for  analysis  of  petroleum  products,  its  use  has 
been  extended  to  many  solution  problems.  A 
graphite  disk  is  attached  to  a  shaft  driven  by 
a  FTYifl.11  electric  motor.  The  various  speeds 
that  have  been  recommended  appear  to  de- 
pend upon  the  speed  of  the  motor  available. 
Many  investigators  claim  that  the  speed  is  of 
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of  little  consequence  as  long  as  it  remains 
between  5  and  25  rpm.  Most  investigators 
agree,  however,  that  the  speed,  once  selected, 
must  be  maintained,  since  variations  of  the 
rate  of  rotation  tend  to  exert  an  influence  on 
the  slope  of  the  working  curves.  Drastic 
changes  in  the  temperature  of  the  sample 
also  tend  to  vary  the  spectral  intensity.  The 
disk  is  located  directly  below  the  counter 
electrode  and  is  separated  from  it  by  an  ap- 
propriate gap,  usually  2  or  3  mm.  The  lower 
portion  of  the  disk  dips  into  the  solution, 
which  is  contained  in  a  small  aluminum  or 
porcelain  boat.  Thus  new  sample  solution  is 
presented  to  the  analytical  gap  continuously. 

SventitsMj21  used  a  copper  disk  in  a  similar 
arrangement  for  determination  of  halogens 
and  sulfur. 

Bardocz22  reports  that  his  variation  of  this 
scheme  produces  better  accuracy  and  repro- 
ducibility  (Kg.  6a  and  b).  The  rotation  of  the 
electrodes  is  synchronized  to  the  discharges 
of  the  electronically  controlled  source  units 
to  improve  accuracy  and  reproducibility .  An- 
other advantage  of  this  system  is  that  the 
drop  of  solution  held  on  the  electrode  is  al- 
most completely  consumed.  The  number  of 
revolutions  per  minute  is  the  decisive  factor. 

A  mechanical  device  is  also  used  in  the 
Platrode  electrode28  system  of  Rozsa  and 
Zeeb  (Fig.  7).  THe  sample  is  evaporated  on 
the  horizontally  rotating  disk.  The  disk  ro- 
tates slowly,  at  5-15  rpm,  under  the  counter 
electrode.  This  method,  too,  was  originally 
devised  for  analysis  of  petroleum  products 
and  the  determination  of  wear  elements  in 
lubricating  oils,  but  it  has  since  found  con- 
siderable application  to  solution  analysis.  It 
is  also  applicable  when  the  sample  is  not  a 
true  solution,  i.e.,  when  the  suspended  par- 
ticles are  small  enough  to  remain  in  suspen- 
sion long  enough  to  transfer  the  sample  to 
the  electrode. 

The  porous-cup  electrode  of  Feldman24  is 
one  of  the  most  favored  techniques  (Fig.  8). 
A  3^-inch-diameter  electrode  is  drilled  pre- 
cisely to  produce  a  cup  with  an  extremely 


thin  bottom.  The  solution  is  permitted  to 
seep  through  the  porous  graphite  and  is  ex- 
cited by  the  discharge  between  the  porous 
cup  and  the  counter  electrode  placed  be- 
neath it.  Because  the  porous  cup  is  an  ex- 
cellent filter,  it  cannot  be  used  for  analysis 
of  materials  in  suspension.  Some  investiga- 
tors have  found  that  it  is  helpful  to  pre-arc 
the  cup  in  order  to  improve  its  porosity.  In 
some  applications  coating  the  outside  of  the 
cup  with  lacquer  or  other  sealing  material, 
such  as  Fisher's  Label  Glaze,84  prevents  seep- 
age through  the  sides  and  damage  to  the 
electrode  jaws.  One  problem  involved  in  this 
technique  is  that  only  relatively  mild  excita- 
tion parameters  can  be  used,  since  the  solu- 
tion escapes  from  the  cup  if  it  is  brought  to 
the  boiling  point.  Cooling  of  the  electrode 
jaws  by  water  is  of  questionable  value  be- 
cause the  relatively  low  heat  conductivity  of 
graphite  hinders  rapid  dissipation  of  heat. 
Another  problem  is  that  fractionation  by  ad- 
sorption may  occur  as  the  sample  passes 
through  the  hot  graphite.  Despite  these 
problems,  excellent  results  have  been  re- 
ported by  many  investigators  using  this 
method.2*"8* 

Evaporation  and  Absorption  Tech- 
niques.  More  ingenuity  has  been  applied  in 
this  category  than  in  any  of  the  others.  The 
reason  for  this  may  be  that  this  type  of  sys- 
tem is  more  closely  allied  to  normal  wet 
chemical  processes  and  therefore  more  fa- 
miliar to  every  chemist.  Filter  papers  and  all 
kinds  of  materials  have  been  impregnated 
with  samples  and  exposed  in  one  manner 
or  another.  Some  of  the  more  outstanding 
methods  are  the  following. 

The  straight  cut-top  electrode  procedures 
are  the  oldest  and  probably  the  most  com- 
monly used.  Particularly  when  the  solution 
sample  is  limited  to  a  few  tenths  or  even  a 
few  hundredths  of  a  milliliter,  these  methods 
are  very  valuable.  Wilhelm86  recommends 
that  the  electrode  be  coated  with  a  thin 
layer  of  paraffin  or  mineral  oil,  prior  to  ap- 
plication of  the  sample,  to  prevent  partial 
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(b) 

Fia.  6.  (a)  The  Bardocz  variation  to  the  rotating  electrode.  The  electrode  dips  into  the  dish  (21), 
and  is  exposed  against  the  counter  electrode  (26).  (b)  Detail  of  the  Bardocz  configuration  showing  pre- 
arcing  electrode  (17). 
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(Courtesy  United  Carbon  Products  Company) 

(c) 
FIG.  7.  (a)  A  Platrode  electrode  attachment. 

(b)  A  Platrode  attachment  in  the  excitation  stand. 

(c)  Preformed  shapes  -PI  atrode  electrodes. 

absorption  of  the  sample  by  relatively  porous 
graphite  electrodes.  The  same  technique  has 
also  been  used  successfully  with  Platrode 
electrodes. 

When  a  larger  sample  is  available,  the 
method  of  Scheibe  and  Rivas86'87  is  suitable. 
They  recommend  that  the  sample  be  applied 
to  and  evaporated  upon  a  graphite  electrode 
made  porous  by  heating  in  a  d.c.  arc.  This 
allows  more  sample  to  be  deposited,  and  a 
longer  and  more  sensitive  exposure  can  be 
made. 

A  modification  of  their  method  was  sug- 
gested by  Mathis,88  who  drilled  a  small  hole 
into  the  top  of  the  flat-top  electrode  and 
placed  powdered  graphite  in  it.  The  powder 
was  impregnated  with  the  sample,  and  the 
sample  was  blown  into  the  gap  under  excita- 
tion by  a  spark. 

Not  only  graphite  is  used  for  flat-top  elec- 
trodes. Gerlach  and  Biedl8*  used  a  highly 
polished  copper  surface  for  evaporation  of 
the  sample.  Fred40  and  his  colleagues  ob- 
tained excellent  results  with  this  method. 
The  solution  to  be  used  should  be  diluted  to  a 
considerable  extent  to  avoid  formation  of  a 
crust,  as  a  crust  tends  to  be  ejected  from 
the  electrode  by  the  impact  of  the  first  dis- 
charge.41"42 

For  determination  of  traces  of  copper, 
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FIG.  8.  (a)  Preformed  shapes — porous-cup  elec- 
trodes, (b)  Preformed  shapes — porous-cup  elec- 
trodes. 

Mann48  as  well  as  Mayer  and  Holik44  used 
aluminum  rods  which  were  made  slightly 
porous  by  anodizing  or  etching  with  acid. 
Elimination  of  most  of  the  cyanogen  bands 
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by  the  use  of  metal  electrodes  is  a  welcome 
adjunct  to  these  methods.  It  is  primarily  the 
ease  of  handling  which  accounts  for  the  pop- 
ularity of  graphite  electrodes. 

Bruening's  method46  is  exact  though  some- 
what involved  for  routine  analytical  work.  A 
mixture  of  suitable  metal  powder,  such  as 
silver,  copper,  or  aluminum,  and  an  organic 
material,  such  as  anthracene,  is  used.  The 
mixture  is  pressed  as  a  thin  layer  upon  a  rod 
of  electrode  material,  and  the  anthracene  is 
evaporated.  A  spongelike  form  of  metal  re- 
mains which  consists  of  approximately  90% 
pores.  The  sample  solution  is  absorbed  by 
this  sponge.  A  considerable  amount  of  the 
sample  can  be  evaporated  on  the  large  sur- 
face area  of  the  sponge  and  can  be  excited 
by  any  of  the  excitation  parameters  available 
with  today's  sources.  The  lines  emitted  by 
the  metal  of  the  sponge  are  conveniently 
used  as  reference  lines. 

For  the  analysis  of  oils  and  pjurnlflr  mate- 
rials. Calkins  and  White46-47  recommend  the 
use  of  a  graphite  electrode  heated  to  a  red 
glow  and  then  quenched  in  the  sample.  In 
this  manner  the  electrode  absorbs  a  quantity 
of  sample  material  and  is  used  as  the  lower 
electrode  in  the  discharge. 

In  a  method  suggested  by  Svejda,48  the 
sample  is  placed  as  a  solution  into  a  shallow 
dished  area  on  a  flat,  round  metal  electrode 
(Fig.  9).  The  electrode  is  held  in  a  support 
on  a  deGramont  excitation  stand  and  arced 
or  sparked.  Additional  methods  of  interest 
are  in  the  literature.49'51 

Conclusion 

All  too  often  a  method  which  is  unsuccess- 
ful as  applied  to  one  problem  is  excellent  for 
another.  As  in  most  of  analytical  chemistry, 
there  is  not  now  and  there  is  unlikely  to  be  a 
universal  method  equally  useful  for  the  solu- 
tion of  all  problems. 

The  application  of  solution  techniques  has 
found  increasing  favor  among  analytical 
emission  spectroscopists  in  the  past  few 
years.  These  techniques  not  only  lessen  the 
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FIG.  9.  The  dished  disk  electrode  configuration  according  to  Svejda. 


standardization  problem  but  also  increase 
the  sensitivity  of  analysis  in  many  instances. 
Ion  exchange  techniques,  in  particular,  have 
aided  in  increasing  sensitivity. 

A  bibliography  is  included  to  acquaint  the 
reader  with  the  less  well-known  methods. 
Some  of  these  could  also  serve  as  basis  for 
new  methods  to  resolve  some  of  the  pressing 
problems  in  today's  laboratory. 
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SOURCE-EFFECTS  ON  ACCURACY.  See  ACCU- 
RACY IN  SPECTROCHEMICAL  ANALYSIS, 
p.  99. 

SPECIAL  TECHNIQUES  BY  U.S.  GEOLOGICAL 
SURVEY 

Rare  Earths  and  Thorium  in  Phosphate 
Rock1 

In  laboratory  investigations,  interest  de- 
veloped in  the  possible  rare-earth  content  of 
phosphate  samples  from  Florida  and  the 
northwestern  United  States.  Because  of  the 
difficulty  of  making  chemical  determinations 
of  traces  of  individual  rare  earths,  a  com- 
bined chemical-spectrographic  method  was 
investigated.  After  removal  of  iron  by  the 
extraction  of  the  chloride  with  ether,  the 
rare  earths  and  thorium  are  concentrated  by 
double  oxalate  precipitation,  using  calcium 
as  a  carrier.  The  rare  earths  are  freed  from 
calcium  by  an  ammonium  hydroxide  precipi- 
tation with  a  fixed  amount  of  aluminum  as  a 
carrier.  The  aluminum  also  serves  as  an  in- 
ternal standard  in  the  fiiml  spectrographic 
analysis.  The  method  will  determine  from 
0.02  to  2  mg.  of  each  rare  earth  with  an  error 
no  greater  than  10%.  The  investigation  has 
resulted  in  a  fairly  rapid  and  precise  proce- 
dure, involving  no  special  spectrographic 
setup.  The  method  could  be  applied  to  other 
types  of  geologic  materials  with  the  same  ex- 
pected accuracy. 

Semiquantitative  Analysis  of  Minerals, 
Rocks  and  Ores2 


Survey  have  emphasized  the  need  for  a  spec- 
trographic method  to  determine  a  mg-yiTniim 
number  of  elements  in  a  limited  time  with  a 
reasonable  degree  of  accuracy.  The  semi- 
quantitative  method  described  determines  68 
elements  in  one  arcing  of  10-mg.  sample.  The 
method  has  been  used  to  complete  245,000 
determinations  during  a  3-year  period,  Each 
determination  is  reported  as  a  concentration 
range  or  bracket  (0.001  to  0.01, 0.01  to  0.1  %, 
etc.).  A  chemical  check  of  500  such  determi- 
nations showed  92%  in  agreement;  the  re- 
maining 8%  agreed  to  within  one  bracket. 
The  method  requires  a  minimum  of  sample 
handling,  thus  reducing  the  chances  of  con- 
tamination, detects  low  concentrations  of 
elements,  and  is  rapid.  Analyses  have  been 
completed  on  a  wide  variety  of  materials. 

Germanium  in  Low -Rank  Coal8 

The  II.  S.  Geological  Survey  is  currently 
investigating  radioactive  lignites  and  low- 
rank  coal  on  behalf  of  the  Atomic  Energy 
Commission.  As  part  of  this  study,  many 
hundreds  of  samples  of  ashed  low-rank  coals 
are  analyzed  spectrographically  by  semi- 
quantitative  methods  for  a  total  of  69  ele- 
ments. Germanium  is  one  of  the  elements  of 
prime  importance  as  a  possible  by-product  in 
any  processes  that  may  be  developed  to  ex- 
tract uranium  from  low-rank  coal. 

Natural  low-rank  coal  samples,  ground  to 
—80  mesh,  are  ashed  at  temperatures  ex- 
ceeding 500°  C  in  preparation  for  spectro- 
graphic analysis.  The  question  arises  whether 
germanium  is  lost  by  volatilization  during 
ashing  and  therefore  would  be  undetected 
in  the  spectrographic  analysis  even  if  present 
in  the  sample  before  ashing.  The  tests  in- 
cluded gradual  heating,  rapid  heating,  and 
increased  surface  area  effects.  All  indicated 
no  loss  of  germanium  as  shown  in  Table  1. 

Selenium,  Analysis  of* 


The  quantity  and  complex  nature  of  ma-  Selenium  can  be  determined  in  pyrite, 
terials  received  for  analysis  in  the  spectro-  chalcocite,  and  marcasite  by  a  simple  and 
graphic  laboratories  of  the  U.  S.  Geological  rapid  spectrochemical  method  that  requires 
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TABLE  1.  SPECTROGRAPHIC  DETERMINATION  OP 
GERMANIUM  ON  LOW-RANK  COAL  SAMPLES 


Sample 


Ashing         Ashing 
Temp.,^C.   Time,  Hr. 


Ash,% 


Ge  in  Ash,  % 
(Spectro- 
graphic) 


Gradual  Heating  of  Samples 


R 

200 

4 

68.80 

6 

R 

500 

4 

3.90 

1.10 

R 

800 

4 

3.87 

1.12 

R 

1000 

2 

3.80 

1.12 

0 

200 

4 

99.94 

b 

O 

500 

4 

1.26 

0.010 

O 

800 

4 

1.17 

0.013 

O 

1000 

2 

1.28 

0.012 

E 

200 

4 

85.44 

b 

E 

400 

4 

6.71 

0.60 

E 

500 

4 

6.78 

0.60 

E 

800 

4 

6.70 

0.60 

E 

1000 

2 

6.62 

0.55 

Rapid  Heating  of  Samples 


R 

800 

4 

3.83 

1.10 

0 

800 

4 

1.09 

0.010 

E 

800 

4 

6.66 

0.59 

Rapid  Heating  of  Samples  in  Wide 
Platinum  Dishes 


R 

1000 

1 

3.70 

1.13 

0 

1000 

1 

1.28 

0.012 

E 

1000 

1 

6.62 

0.62 

Rapid  Heating  of  Samples  in  J.  L.  Smith  Crucibles 
(Small  Surface  Area) 


R 

1000 

2 

3.70 

1.10 

O 

1000 

2 

1.28 

0.012 

E 

1000 

2 

6.62 

0.61 

a  Calculated  on  basis  of  ash  prepared  at  500°C. 

*No  spectrographic  germanium  results  ob- 
tained, owing  to  high  organic  content  remaining 
in  sample. 

no  complicated  arrangement  of  spectro- 
graphic equipment  or  chemical  pretreatment 
of  samples.  Advantage  is  taken  of  the  new 
short  wave  length  radiation  plates  (East- 
man) and  the  addition  of  copper  oxide  to 
enhance  the  selenium  lines  2039.85  and 
2062.78  A.  The  possibility  exists  of  determin- 
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ing  many  other  elements  on  the  same  ex- 
posure of  the  sample.  The  method  is  appli- 
cable in  the  range  of  0.0015  to  2  %  selenium. 
Tests  indicate  an  average  difference  from  the 
chemical  results  of  0.07  %  in  the  few  per  cent 
range,  0.03%  in  the  0.1  to  1.0%  range, 
0.005%  in  the  0.01  to  0.1%  range,  and 
0.00075%  in  the  0.001  to  0.01  %  range.  The 
relative  accuracy  over  the  entire  range  is  to 
about  7  %  of  the  concentration. 

REFERENCES 

1.  WABING,  C.  L.,  AND  MELA,  H.,  JB.,  Anal. 

Chem.,  25,  432  (1953). 

2.  WABING,  C.  L.,  AND  ANNBLL,  C.  S.,  Anal. 

Chem.,  25, 1174  (1953). 

3.  WARING,  C.  L.,  AND  TUOOB,  W.  P.,  Anal. 

Chem.,  26,  1198  (1954). 

4.  WABING,  C.  L.,  WORTHING,  HELEN  W.,  AND 

HAZEL,  KATHEBINE  V.,  Anal.  Chem.,  30, 1504 
(1958). 

C.  L.  WARING  et  aL 

TRACE  ELEMENTS,  SPECTROCHEMICAL 
ANALYSIS  FOR 

Sample  Size  Unlimited 

Introduction.  In  trace-element  analysis, 
the  major  problem  confronting  the  spectrog- 
rapher  is  how  he  can  obtain  the  ma.ximnTn 
sensitivity  with  his  instrumentation.  He 
strives  to  record  spectral  lines  of  elements, 
the  total  weight  of  which  may  be  as  little 
as  0.01  gamma.  And  neither  are  his  efforts  of 
academic  interest  alone.  For  trace-element 
problems  are  important  in  metallurgy  where 
0.0005  %  of  boron  will  improve  the  harden- 
ability  of  sted;  in  agriculture  where  a  few 
ppm  of  cobalt  in  the  soil  are  vital  to  the 
health  of  grazing  animals;  in  electronics 
where  the  performance  of  a  transistor  is  poi- 
soned by  the  presence  of  less  than  1  ppm  of 
many  elements;  in  phosphor  manufacture 
where  a  trace  of  copper  activates  zinc  sulfide; 
in  geology  where  the  presence  of  minute  con- 
centrations of  elements  in  rivers  guides  scien- 
tists to  deposits  of  those  elements;  in  semi- 
quantitative  spectrochemical  analysis  where 
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the  sample  is  diluted  so  that  its  constituents 
are  reduced  to  traces. 

The  examples  given  have  one  point  in 
common:  the  sample  is  large  or  unlimited  in 
size.  But,  equally  important  are  problems 
involving  a  few  mg  or  less  of  a  sample.  The 
composition  of  the  deposit  on  an  electrical 
contact  may  reveal  the  reason  for  the  failure 
of  that  contact.  The  analysis  of  a  micro- 
scopic inclusion  may  disclose  the  source  of 
the  inclusion.  The  term  gaining  favor  for  the 
latter  is  "microanalysis"  as  distinguished 
from  "trace  analysis." 

To  the  spectrographer,  the  problems  of  the 
unlimited  and  limited  sample  have  points  in 
common.  But  they  also  differ  considerably. 
The  latter  is  one  in  which  speed  and  sen- 
sitivity are  closely  akin.  There  is  so  little 
sample  that  the  spectrum  must  be  recorded 
before  it  vanishes  from  the  electrode.  In  ana- 
lyzing samples  of  unlimited  size,  on  the  other 
hand,  speed  is  of  little  concern.  The  spectrog- 
rapher can  always  use  more  sample  and 
superimpose  spectra  if  further  registry  of 
spectral  lines  is  needed. 

Spectrograph.  With  the  unlimited  sam- 
ple on  hand,  the  first  question  is  which  spec- 
trograph  to  use  if  more  than  one  is  available; 
how  to  use  the  spectrograph  if  but  one  is  in 
the  laboratory.  Here  the  primary  considera- 
tion is  dispersion.  Many  investigators  have 
shown  that  sensitivity  is  directly  related  to 
dispersion.  The  sensitivity  of  any  measure- 
ment corresponds  to  a  signal-to-noise  ratio. 
Translated  into  spectrographic  terms,  sensi- 
tivity is  a  line-to-background  ratio.  In  an 
instrument  of  low  dispersion,  the  back- 
ground behind  a  line  is  concentrated.  In  one 
with  large  dispersion,  the  same  background 
is  spread  out  over  a  large  area.  The  line  itself 
in  both  spectrographs,  being  an  image  of  the 
slit,  remains  the  same  width.  Greater  dis- 
persion is  thus  responsible  for  lower  back- 
ground, a  greater  signal-to-noise  ratio  and, 
in  turn,  better  sensitivity. 

In  "Practical  Spectroscopy,"1  Harrison, 
Lord  and  Loofbourow  cite  a  beautiful  ex- 


ample of  how  dispersion  and  sensitivity  are 
so  intimately  related.  Using  a  35-ft.  spectro- 
graph, ten  tin  lines  could  be  photographed  in 
a  certain  sample.  With  a  medium  quartz  in- 
strument, no  tin  lines  appeared  from  the 
same  sample,  regardless  of  the  exposure  time. 

In  general,  anything  that  improves  the 
effective  dispersion  of  a  spectrograph  will  im- 
prove sensitivity.  A  grating  spectrograph, 
for  example,  should  be  used  at  its  highest 
useful  order.  Of  course,  effective  dispersion 
should  be  emphasized.  In  the  Ebert  spectro- 
graphs, it  is  possible  to  utilize  the  14th  and 
even  higher  orders.  Because  of  optical  aber- 
rations, pressure  broadening  of  lines  and 
many  other  factors,  no  gain  in  sensitivity 
will  be  noted  beyond  perhaps  the  8th  or  9th 
orders.  With  a  prism  instrument,  it  will  often 
be  found  that  a  line  in  the  short  (high  dis- 
persion) wavelength  region  wiU  be  more  sen- 
sitive than  one  at  a  longer  wavelength,  de- 
spite the  handbook  listings  to  the  contrary. 

Resolution  is  another  important  considera- 
tion in  achieving  optimum  sensitivity.  A 
weak,  well-resolved  line  may  just  appear 
above  its  background  while  oiie  poorly  re- 


FIG.  1.  Enhancement  of  sensitivity  with  in- 
creasing order  and  dispersion.  Note  the  uranium 
4188A  group  of  lines  and  its  increasing  signal-to- 
noise  ratio  from  order  I  to  order  VI. 
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solved  will  dissolve  into  the  background. 
Basically  illumination  is  the  factor  to  con- 
tend with  here.  There  is  a  direct  relationship 
among  illumination,  resolution  and  sensi- 
tivity Maximum  resolution  of  any  optical 
instrument  is  attained  when  its  optics  are 
just  filled  with  light.  Applied  to  a  spectro- 
graph,  the  illuminating  system  which  just  fills 
the  grating  or  prism  will  result  in  the  best 
resolution.  External  optics  are  so  arranged 
that  an  image  of  the  source  is  obtained  on 
the  entire  height  of  the  grating  or  prism 
collimator. 

Now  resolution  is  a  horizontal  affair,  in- 
volving the  width  but  not  the  length  of  a 
line.  Its  vertical  counterpart  is  astigmatism 
or,  rather,  the  lack  of  astigmatism.  Just  as  a 
poorly  resolved  line  is  spread  out  horizon- 
tally, so  an  astigmatic  line  is  spread  out  ver- 
tically. The  effect  is  the  same:  a  sacrifice  of 
line  intensity  and  consequent  loss  of  sensi- 
tivity. Many  grating  and  most  prism  spec- 
trographs  are  stigmatic  over  wide  wave- 
length intervals  and  so  the  effect  does  not 
apply  to  them.  With  instruments  that  suffer 
from  astigmatism,  it  is  often  possible  to  so 
set  the  external  optics  that  there  is  a  limited 
wave-length  region  where  the  images  are  stig- 
matic. These  settings  should  be  made  for  the 
region  of  interest. 

While  on  the  subject  of  the  slit,  the  ques- 
tion is  often  asked,  what  is  the  optimum  slit 
width  for  the  highest  signal-to-noise  ratio? 
The  intensity  of  a  spectral  line  will  increase 
to  a  limiting  value  as  the  slit  width  is  in- 
creased. But  the  background  increases  at  a 
more  rapid  rate.  Accordingly,  it  is  wise  to  use 
the  finest  slit  width  to  obtain  the  highest 
line-to-background  ratio.  In  reducing  the  slit 
width,  however,  a  point  is  reached  beyond 
which  other  gremlins  enter  the  picture.  In  a 
grating  instrument,  for  example,  satellites 
may  begin  to  appear  at  very  narrow  slits.  In 
a  prism  instrument,  the  slit  should  be  kept 
as  fine  as  possible  without  introducing  cer- 
tain diffraction  effects. 

Earlier,  we  spoke  of  illumination  in  terms 
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of  the  resolution  of  the  spectrograph. 
Equally  important  is  illumination  so  ad- 
justed that  the  spectral  lines  are  transmitted 
but  all  extraneous  light  is  removed.  For  ex- 
ample, light  from  the  incandescent  electrodes 
should  not  be  permitted  to  register  on  the 
plate.  The  best  way  of  accomplishing  this  is 
to  use  a  system  of  illumination  whereby  the 
electrodes  are  focused  on  an  aperture  on  the 
optical  bench.  A  hole  then  becomes  the  ap- 
parent source,  the  images  of  the  electrodes 
blocked  out  before  the  slit  by  the  aperture 
jaws.  Another  way  of  doing  this  is  to  focus 
the  light  on  an  aperture  at  the  grating  or 
prism.  This,  however,  allows  unwanted  light 
into  the  spectrograph,  some  of  which  may  be 
scattered  and  terminate  in  unwanted  back- 
ground. 

Source.  With  some  notable  exceptions,  it 
has  been  found  that  the  d.c.  arc  yields  the 
best  over-all  concentrational  sensitivity.  This 
seems  to  be  related  to  the  temperature  to 
which  the  element  is  raised  in  the  source.  For 
example,  at  relatively  low  flame  tempera- 
tures, the  sensitivity  of  sodium  is  poorer  than 
it  is  at  higher  arc  temperatures.  Vallee,2  how- 
ever, recently  reported  on  the  sensitivity  of 
sodium  in  a  high  temperature  flame  that  was 
produced  by  burning  cyanogen.  In  this 
source,  the  sensitivity  of  sodium  was  as  higjh 
or  higher  than  that  in  a  conventional  arc. 
Theoretically,  an  optimum  temperature  for 
achieving  the  greatest  sensitivity  for  a  par- 
ticular element  should  be  possible.  This  is  a 
temperature  just  lower  than  that  necessary 
to  produce  transitions  other  than  those  re- 
sulting in  "persistent"  lines.  In  other  words, 
if  all  of  the  energ}  is  expended  by  the  pro- 
duction of  a  single  spectral  line,  that  line  will 
be  strong.  If,  on  the  other  hand,  more  energy 
is  provided,  the  element  will  produce  lines 
in  addition  to  the  persistent  lines  and  at 
their  expense. 

This  may  be  at  least  a  partial  explanation 
of  the  "cathode  layer"  effect.  Used  exten- 
sively in  Europe  today,  this  source  has  been 
shown  by  Strock8  and  others  to  be  more  sen- 
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sitive  than  the  conventional  d.c.  arc  more 
commonly  used  in  this  country.  In  the  cath- 
ode layer  technique,  the  sample  is  made  elec- 
trically negative.  In  addition,  a  very  small 
sample  (about  15  mg)  is  used  and  the  elec- 
trode is  very  narrow  (J^")  with  a  crater 
drilled  in  it  to  a  depth  of  perhaps  %".  The 
arc  gap  is  usually  about  10  mm.  By  contrast, 
the  more  common  d.c.  arc  excitation  uses  a 
y^f  diameter  electrode  drilled  to  a  depth  of 
«HV'>  the  sample  is  made  positive  and  the 
gap  is  but  2-3  mm.  A  photograph  of  the  pro- 
file of  the  arc  column  of  a  cathode  layer  burn- 
ing reveals  that  the  lines  of  a  good  many  of 
the  elements  are  considerably  stronger  at  the 
cooler  cathode.  They  taper  off  towards  the 
anode.  In  addition,  the  line-to-background 
ratio  is  stronger  at  the  cathode.  No  full  ex- 
planation of  the  phenomenon  has  been  of- 
fered. But  part  of  the  explanation  may  be 
that  the  temperature  near  the  cathode  is 
close  to  the  optimum  required  to  produce 
only  the  persistent  lines  of  many  of  the  ele- 
ments. At  the  higjher  temperatures  near  the 
anode,  other  lines  are  excited,  reducing  the 
energy  emitted  by  the  persistent  lines. 

Another  source  of  high  sensitivity  is  the 
carrier  distillation  technique  devised  by 
Scribner  and  Mullin.4  It  is  used  for  the  deter- 
mination of  relatively  volatile  elements  in 
the  presence  of  refractory  ones.  A  material 
such  as  gallium  oxide  is  added  to  the  powder 
to  be  analyzed.  This  sweeps  the  volatile  ele- 
ments up  into  the  arc  to  such  an  extent  that 
when  used  originally  for  the  analysis  of  ura- 
nium, lines  of  uranium  were  practically  non- 
existent while  the  impurity  lines  were  promi- 
nent. 

In  still  another  way,  differences  in  vola- 
tility may  be  taken  advantage  of  to  produce 
the  best  signal-to-noise  ratios  for  groups  of 
elements.  This  is  through  a  moving-plate 
analysis.  The  sample  is  burned  to  comple- 
tion but  every  few  seconds  the  plate  is 
racked.  By  spotting  the  best  time  interval 
for  a  particular  element,  further  improve- 


ment in  the  sensitivity  of  that  element  is 
achieved. 

Under  exceptional  circumstances,  the  use 
of  an  atmosphere  other  than  air  around  the 
source  should  be  considered.  Owen6  has  de- 
scribed a  simple  container  in  which  elec- 
trodes may  be  flooded  with  gases  such  as  car- 
bon dioxide  or  one  of  the  inert  gases.  These 
are  useful  in  reducing  the  cyanogen  bands  so 
that  elements  with  principal  lines  within 
these  bands  are  detected  more  readily.  They 
also  prevent  the  formation  of  oxides  the 
molecular  spectra  of  which  are  usually  com- 
plex and  contribute  to  the  background. 

Electrodes*  There  has  been  renewed  inter- 
est in  carbon  (as  opposed  to  graphite)  elec- 
trodes for  improving  sensitivity.  Two  pa- 
pers8' 7  by  Morrison,  Rupp  and  Klecak  claim 
extraordinary  sensitivity  for  the  determina- 
tion of  trace  elements  in  nickel  and  silicon 
carbide  when  the  sample  is  arced  in  argon 
using  carbon  electrodes.  Treating  elements 
almost  individually,  these  workers  have 
shown  other  techniques  to  be  rewarding, 
e.g.,  a  fast  spectrograph  and  plate  coupled 
with  very  short  burning  times  in  boiler  cap 
electrodes  for  volatile  elements  such  as  mer- 
cury, arsenic  and  zinc. 

Buffers*  A  spectrographic  buffer  is  a  ma- 
terial which,  when  mixed  with  the  sample, 
improves  the  reproducibility  and/or  the  sen- 
sitivity of  the  analysis.  A  buffer  which  en- 
hances sensitivity  must,  itself,  have  a  high 
ionization  potential  and  should  be  reducing 
rather  than  oxidizing.  Graphite  seems  to  be 
the  best  over-all  choice.  Many  spectrog- 
raphers  use  graphite  but,  in  addition,  mix 
in  such  materials  as  lithium  carbonate  or 
zinc  oxide.  These  serve  to  provide  an  internal 
standard  and,  with  many  materials,  provide 
"smoother"  burns  to  improve  precision. 

Chemical  Treatment.  Two  types  of 
improvement  are  made  in  a  sample  to  be 
analyzed  through  appropriate  chemical  treat- 
ment: the  elements  sought  may  be  concen- 
trated by  separation  techniques;  elements 
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(Cawtesy  Spex  Industrie,  Inc.) 

Fio.  2.  Stall  wood  jet  mounted  inside  chamber  for  arcing  samples  in  nitrogen-free  atmospheres. 
Argon-oxygen  mixtures  are  frequently  used  to  enhance  sensitivity  by  several  orders  of  magnitude. 


with  low  ionization  potential  may  be  re- 
moved. 

The  importance  of  concentrating  an  ele- 
ment is  obvious  when  an  unlimited  sample  is 
available.  The  spectrographic  plate  "sees" 
the  total  number  of  atoms  of  an  element.  The 
more  that  can  be  placed  in  an  electrode,  the 
better  the  sensitivity  of  that  element.  Of  the 
wide  variety  of  reagents  available  for  separat- 
ing out  trace  elements,  the  organic  ones  such 
as  dithizone,  8-hydroxyquinoline  have  been 
found  to  be  particularly  useful  Mitchell8  de- 
scribed the  use  of  a  mixture  of  8-hydroxy- 
quinoline, tannic  acid  and  thionalide  which 
will  recover  microgram  quantities  of  Co,  Ni, 
Mo,  Zn,  Sn,  Pb,  V,  Or,  Ag,  Au,  Ga,  Fe  and 
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Cu  in  the  presence  of  excesses  of  an  alumi- 
num carrier. 

As  stated,  such  separations  have  a  double 
purpose.  They  concentrate  in  a  small  vol- 
ume the  elements  sougiht.  They  also  remove 
the  alkalies  and  other  elements  of  low  ioniza- 
tion potential.  Such  elements,  by  keeping  the 
ionization  potential  at  the  arc  low,  prevent 
elements  of  higher  potential  from  producing 
spectral  lines. 

Photographic  Emulsion.  When  an  un- 
limited sample  is  available,  the  plate  chosen 
for  the  analysis  need  not  be  a  high  speed  one. 
In  fact,  it  is  generally  advisable  to  use  a  plate 
of  moderate  speed  to  take  advantage  of  its 
other  superior  qualities.  A  moderate  speed 
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plate  usually  has  a  fine  grain,  processes  read- 
ily, has  a  low  fog  level  and  high  contrast. 

An  emulsion  with  these  characteristics  is 
Spectrum  Analysis  #  1.  It  has  excellent  reso- 
lution, excellent  processing  characteristics,  a 
very  low  fog  level  and  is  sensitive  over  the 
region  2200-4300A,  where  most  of  the  lines 
of  the  elements  appear.  On  the  minus  side,  it 
has  a  variable  contrast  with  wavelength 
changes  and  beyond  3600A  its  contrast  is  so 
high  that  an  element  can  be  determined 
through  only  a  single  decade  of  concentra- 
tion, e.g.,  from  0.01  to  0.1  %. 

The  photographic  emulsion  used  will  de- 
pend on  which  elements  are  sought.  For  ex- 
ample, if  arsenic  were  sought  in  an  organic 
ash,  it  would  pay  to  use  a  fast  emulsion 
such  as  103-0.  Because  it  is  so  volatile,  ar- 
senic requires  but  a  short  exposure.  The  al- 
ternative would  be  to  superimpose  a  number 
of  exposures  on  a  slower  emulsion  such  as 


In  trace-element  work,  it  is  always  desira- 
ble to  run  exposures  until  the  sample  is  to- 
tally consumed.  In  this  fashion,  refractory 
elements  will  not  escape  detection.  In  doing 
this,  however,  chances  are  that  many  lines 
will  be  over-exposed.  To  accomplish  both 
simultaneously,  the  use  of  a  step-sector  or 
step-filter  is  recommended.  The  exposure  for 
one  line  will  be  optimum  at  one  step  ;  for  an- 
other, at  another  step. 

Sample  Size  Limited  (Microanalysis) 

Introduction.  In  the  first  part  of  this 
article,  we  spoke  of  the  doubk  problem  of 
trace-element  analysis.  At  one  extreme,  the 
sample  could  be  unlimited  in  size  —  drinking 
water  for  example.  At  the  opposite  extreme, 
the  sample  could  be  exceedingly  small  —  a 
particle  of  dust.  The  first  part  of  the  article 
dealt  with  the  former.  Here  we  discussed 
techniques  for  obtaining  the  optimum  sensi- 
tivity with  such  samples.  We  showed  how  the 
important  consideration  was  the  line-to- 
background  ratio.  Anything  we  could  do  to 


increase  that  ratio  would  improve  sensitiv- 
ity. Such  techniques  as  using  replicate  ex- 
posures, concentration  by  ashing  or  chemical 
separation,  the  use  of  high-resolution,  low- 
fog  photographic  emulsions,  all  resulted  in 
increasing  the  line-to-background  ratio  and, 
consequently,  improved  sensitivity.  Further, 
we  showed  that  a  fine  entrance  slit  at  the 
spectrograph  should  be  used  and  the  spectro- 
graph  itself  should  be  set  to  its  highest  ef- 
fective dispersion.  Practically  all  the  rec- 
ommendations had  the  effect  of  improving 
the  signal-to-noise  ratio  but  at  the  expense 
of  speed. 

By  way  of  contrast,  speed  is  the  key  word 
when  a  micro  sample  is  to  be  analyzed.  For 
the  analysis  of  a  sample,  the  size  of  which  is 
limited,  necessitates  getting  adequate  regis- 
tration on  a  photographic  plate.  The  sample 
is  usually  so  small  that  nothing  can  be  done 
to  it  chemically.  Indeed,  sometimes  the  sam- 
ple is  so  fiTYta.11  that  even  maneuvering  it  into 
an  electrode  is  a  feat  in  itself. 

Typical  examples  of  micro  sample  analy- 
sis in  metallurgy  are  the  examination  of  a 
microscopic  inclusion  in  a  casting  and  the 
identification  of  a  surface  deposit.  In  crimi- 
nology, analyses  of  limited  samples  are 
everyday  affairs.  Some  months  ago  we  were 
shown  a  section  of  the  skull  of  a  murdered 
woman,  on  the  surface  of  which  was  a  shiny, 
grayish  spot.  Apparently,  she  had  been 
struck  with  a  metallic  object.  A  pewter  cand- 
dlestick,  found  nearby,  just  about  proved  to 
be  the  murder  weapon  when  the  spectrum  of 
scrapings  from  the  skull  matched  that  of  the 
candlestick. 

Biological  research  is  another  field  where 
samples  of  limited  size  occur.  Many  bio- 
logical projects  end  up  with  a  speck  of  a 
newly  isolated  substance.  Then  comes  the 
arduous  task  of  analysis.  Through  speetro- 
chemical  analysis,  vitamin  B-12  was  found 
to  be  a  cobalt  compound  and  carbonic  an- 
hydrase  was  confirmed  as  a  zinc  metallo- 
organic.  Atomic  energy  research  is  still 
another  field  where  tiny  samples  abound.  In 
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recent  years,  a  dozen  or  so  new  elements 
have  been  discovered.  The  birth  announce- 
ment of  almost  every  one  of  these  elements 
was  its  unique  emission  spectrum. 

The  limited  sample  differs  from  the  un- 
limited one  in  still  another  respect.  In  the 
former,  we  are  concerned  with  major  ele- 
ments in  a  tiny  sample;  in  the  latter,  with 
trace  elements  in  a  large  sample.  The  matrix 
effect  thus  becomes  important  when  dealing 
with  a  limited  sample.  Suppose  a  sample,  the 
total  weight  of  which  is  but  a  few  micro- 
grams,  consists  of  99  %  sodium  and  1  %  iron. 
The  iron  would  undoubtedly  escape  detec- 
tion because  of  the  low  ionization  potential 
of  the  sodium.  If  the  spectrographer  were 
asked  to  compare  the  iron  content  of  this 
sample  with  one  equally  gnmU  which  con- 
sisted of  99  %  aluminum  and  the  same  1  % 
iron,  he  might  be  thrown  completely  off  the 
track  by  the  appearance  of  the  two  spectro- 
grams. For,  in  the  latter,  iron  lines  undoubt- 
edly would  appear. 

The  conclusion  from  theaboveisthatquan- 
titative,  even  semiquantitative,  reports  on 
limited  samples  are  usually  not  possible. 
With  fingers  crossed,  we  report  "major"  or 
"principal"  or  "minor"  elements.  But  on 
unlimited  samples,  semiquantitative  reports 
are  indeed  possible.  We  can  ash  organic 
samples  or  evaporate  down  several  water 
samples,  mix  the  resulting  powders  with 
graphite  in  a  fixed  ratio  and  then  analyze 
the  samples  by  referring  to  standards  such 
as  the  Spex  Z  or  G  sets.  Here  we  can  report 
values  such  as  .003  %  or  .00005  %  and  obtain 
excellent  comparisons  among  the  samples. 

The  Excitation  Source.  So  much  for  the 
differences  in  the  two  problems.  We  have  al- 
ready stated  that  to  analyze  limited  samples, 
we  must  obtain  the  TrnximuTn  speed  from 
our  apparatus.  Let  us  examine  every  step  in 
the  spectrochemical  procedure  to  see  how  we 
can  obtain  the  highest  speed  from  each. 

The  d.c.  arc  with  the  sample  burned  to 
completion  has  been  found  to  be  the  best 
over-all  source.  The  sample  is  ordinarily 
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made  electrically  positive  for  the  anode  is 
the  hotter  of  two  graphite  electrodes.  Certain 
elements,  however,  have  more  intense  lines 
near  the  cathode  and  it  is  often  desirable  to 
take  advantage  of  this  fact.  The  spectro- 
graph  is  allowed  to  "see"  only  the  light 
emitted  from  a  thin  layer  directly  above  the 
cathode.8  To  utilize  the  "cathode  layer" 
phenomenon,  it  is  advisable  to  use  a  stig- 
matic  spectrograph. 

A  source  approaching,  and  in  certain  in- 
stances surpassing,  the  sensitivity  of  the  d.c. 
arc  is  the  copper  spark.  With  this  technique,9 
a  drop  of  the  solution  to  be  analyzed  is  placed 
atop  the  faced-off  ends  of  two  %"  copper 
rods.  After  drying,  the  rods  are  sparked  for 
5  to  10  seconds.  Because  the  source  requires 
solutions,  it  is  not  so  universally  applicable 
asthed.c.  arc.  Where  applicable,  excellent  re- 
sults have  been  obtained.  For  example,  as  lit- 
tle as  20  millimicrograms  of  Ag,  Al,  Bi,  Cu, 
Fe,  Mg,  Mn,  Pb,  Sn  and  Tl  can  be  detected. 

Other  sources  occasionally  used  are  en- 
closed ones  like  the  hollow  cathode  tube.  The 
principal  advantage  here  is  that  the  sample 
may  be  excited  over  and  over  again.  In  con- 
trast, an  atom  once  excited  in  an  open  source 
disappears. 

Spectrograph.  To  obtain  the  best  speed 
on  any  spectrograph,  all  possible  light  from 
the  source  should  be  focused  on  the  slit.  In 
addition  to  using  condensing  lenses,  some- 
times large  reflectors  are  placed  behind  the 
source  in  order  to  collect  as  much  of  the  light 
as  possible  and  direct  it  to  the  spectrograph. 

As  was  pointed  out  earlier,  it  is  a  good  idea 
to  mask  out  the  incandescent  electrodes  so 
that  their  light  does  not  result  in  unwanted 
background.  In  the  past,  too  little  attention 
has  been  paid  to  this.  But  many  spectrog- 
raphers  have  recently  augmented  the  train 
on  their  optical  bench  with  an  adjustable 
mask  and  an  additional  condensing  lens  in 
order  to  mask  out  the  electrodes.8- 10 

On  the  subject  of  external  optics,  fused 
silica  should  be  mentioned.  Synthetically 
prepared,  this  material  has  about  the  same 
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transmittance  as  natural  quartz  down  to 
about  2300A  where  the  latter  starts  to  fall 
off  considerably.  Some  grades  of  fused  silica 
transmit  a  usable  amount  of  the  incoming 
radiation  down  to  1650A.  For  the  determina- 
tion of  cadmium,  lead,  zinc,  carbon,  phos- 
phorus, sulfur,  selenium,  etc.,  fused  silica 
offers  decided  advantages. 

With  speed  again  in  mind,  a  small  spec- 
trograph  is  preferred  over  a  larger  one.  The 
f-number  of  spectrographs  generally  varies 
directly  with  their  size  so  that  the  larger  the 
spectrograph,  the  slower  it  is.  The  grating 
instrument  should  be  set  to  the  region  of 
greatest  speed.  The  blaze  of  a  grating  will 
determine  its  speed  so  that  a  particular  grat- 
ing will  be  many  times  as  fast  in  one  order 
than  in  another.  If  in  the  3rd  order,  a  particu- 
lar spectrograph  is  five  times  as  fast  at  2881A 
than  at  any  other  order,  the  spectrograph 
should  be  set  for  the  3rd  order  for  the  deter- 
mination of  silicon  in  a  limited  sample.  The 
slit  should  be  set  as  wide  as  possible,  con- 
sistent with  the  resolution  required  for  the 
analysis. 

One  scheme  to  increase  the  speed  of  a  spec- 
trograph was  recently  tried  successfully.  A 
university  needed  the  greatest  possible  speed 
in  a  spectrograph  over  a  wavelength  interval 
of  about  100A.  At  the  same  time,  a  dispersion 
of  2.5  A/mm  was  specified.  As  has  been  men- 
tioned, such  high  speed  and  high  dispersion 
do  not  ordinarily  go  together.  To  increase 
the  speed,  a  cylindrical  lens  (axis  horizontal) 
was  used  right  at  the  camera,  condensing  the 
light  vertically  as  it  emerged  from  the  grat- 
ing of  the  instrument.  In  other  words,  light 
on  a  10-mm  high  slit  wound  up  as  spectral 
lines  but  1  mm  high,  giving  a  theoretical  10- 
fold  increase  in  illumination  at  the  camera. 
While  the  scheme  had  the  disadvantage  of 
possessing  a  limited  wavelength  coverage,  it 
was  swhon  to  give  this  10-fold  increase  in 
apparent  speed  for  the  wavelength  interval 
in  question.  Moreover,  any  100A  interval 
could  be  chosen  by  setting  the  instrument 
so  that  the  desired  range  was  behind  the  lens. 


Photographic  Emulsion.  With  speed 
again  the  goal,  a  high-sensitivity  photo- 
graphic emulsion  is  required.  An  ideal  emul- 
sion would  be  extremely  fast  over  several 
thousand  angstroms  and  still  retain  good 
resolution  and  other  characteristics.  Unfor- 
tunately, compromises  have  to  be  accepted. 
There  are  a  number  of  emulsions  having  high 
speed  over  comparatively  narrow  wave- 
length bands.  Examples  are  given  below: 


Emulsion. 

Appro*.  W.  L.  Range,  A 

Ilford  Q-2 
Eastman  103-0 
Eastman  I-N 

60-2000 
2300-5000 
6500-8200 

Eastman  also  sensitizes  certain  emulsions 
for  the  region  2100-2500A  through  the  use  of 
fluorescent  dyes.  The  speed  of  103-0  in  this 
region  may  be  so  increased.  This  emulsion,  so 
treated,  is  called  103-0  (U.V.). 

One  scheme  that  is  sometimes  used  to  in- 
crease the  sensitivity  of  an  emulsion  is  to 
"prefog"  it.  The  characteristic  curve  (den- 
sity vs.  exposure)  consists  of  a  "toe"  region 
at  low  density  values  followed  by  a  straight 
line  as  the  exposure  level  increases.  Deliber- 
ately fogging  a  plate  takes  the  emulsion  out 
of  its  region  of  low  sensitivity.  This  scheme, 
however,  is  seldom  used  because  of  the  in- 
convenience in  fogging  a  plate  reproducibly. 

Practically  speaking,  many  experienced 
spectrographers  use  the  103-0  emulsion  as  a 
general-purpose  tool  when  running  tiny  sam- 
ples. It  has  a  wide  wavelength  coverage  and 
its  speed,  determined  in  a  recent  series  of 
tests  by  A.S.T.M.,  ranges  from  5  to  40  times 
that  of  Spectrum  Analysis  #1,  depending 
on  the  wavelength. 

Conclusions.  This  subject  of  trace-ele- 
ment analysis  should  rigjhtly  be  considered 
just  begun  rather  than  concluded.  Metallur- 
gists, biologists,  chemists  and  physicists  are 
rapidly  learning  that  many  of  the  properties 
which  they  assigned  to  materials  are  grossly 
inaccurate  because  the  materials  themselves 
are  not  pure.  Perhaps  the  most  spectac- 
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ular  example  of  this  is  the  transistor  prop- 
erties of  silicon.  One  of  the  more  com- 
mon elements,  silicon  had  been  studied  and 
its  electrical  properties  supposedly  known 
for  decades.  But  when  pure  silicon  was  pre- 
pared, within  the  past  few  years,  it  was 
found  to  have  decidedly  different  properties, 
so  wonderfully  different  that  silicon  transis- 
tors, rectifiers,  and  other  semiconductor 
devices  are  making  serious  inroads  on  older 
counterparts. 

The  role  of  the  spectrograph  will  become 
increasingly  important  as  pure  materials  find 
their  place  in  technology.  The  problems  will 
become  increasingly  taxing  as  demands  are 
made  to  maintain  the  quality  of  these  pure 
materials. 

REFERENCES 

1.  HARBISON,  G.  R.,  LOBD,  R.  C.,  AND  LOOFBOU- 

KOW,  J.  R.,  "Practical  Spectroscopy," 
Prentice-Hall,  1948. 

2.  VALISE,  B.  L.,  unpublished  paper  at  Trace 

Element  Symposium  held  in  New  York,  No- 
vember, 1955. 

3.  STBOCK,  L.  W.,  "Spectrum  Analysis  with  the 

Carbon  Arc  Cathode  Layer,"  Hilger,  London, 
1936. 

4.  SCBIBNBB,  B.  P.,  AND  MuLUN,  H.  R.,  /.  Res. 

NBS,  87,  369  (1946). 

5.  OWEN,  L.  B.,  /.  Opt.  Soc.  Am.,  41, 139  (1951). 

6.  RUPP,  R.  L.,  KLECAK,  G.  L.,  AND  MOBBISON, 

G.  H.,  Anal.  Chem.  32,  931  (1960). 

7.  Ibid.,  p.  933. 

8.  MITCHELL,  R.  L.,  "The  Spectrographic  Analy- 

sis of  Soils,  Plants  and  Related  Materials," 
Commonwealth  Bureau  of  Soil  Science,  Har- 
penden,  England,  1948. 

9.  FEED,  MAKE,  NACHTBIBB,  N.  H.,  AND  TOM- 

KINS,  F.  S.,  /.  Opt.  Soc.  Am.,  37,  279  (1947). 

10.  TWTMAN,  F.,  AND  SlMEON,  F.,  Trait*.  Opt.  SOC., 

31, 169  (1929-30). 

A.  J.  MlTTELDORF 

TUNGSTEN  ANALYSIS* 

The  emission  spectrograph  offers  an  ex- 
cellent means  of  controlling  trace  impurities 
in  tungsten  throughout  the  stages  of  manu- 

*  Sylvania  Electric  Products  Inc.,  Chemical  & 
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facturing  from  the  ore  to  the  finished  prod- 
uct. Processing  the  ore  involves  a  combi- 
nation of  hydro-  and  powder  metallurgy.8 
The  control  of  critical  impurities  is  very 
important  in  the  chemical  processing  steps 
from  ore  digestion  to  the  final  gray  metal 
powder.  Tungstic  oxide  is  prepared  quite 
pure,  after  which,  certain  elements  are  of- 
ten added  in  trace  amounts  in  various  proc- 
essing steps  to  control  the  properties  of  the 
resulting  metal  powder  or  finished  product. 
Additives  such  as  silica  and  alumina  act  as 
cleansing  agents  during  the  sintering  of  the 
ingots  and  also  as  grain  growth  inhibitors. 
On  the  other  hand,  iron  as  a  residual  im- 
purity must  be  kept  low,  since  its  presence 
lowers  the  recrystallization  temperature  in 
tungsten  wire. 

The  emission  spectrum  of  tungsten  is  com- 
plex; several  thousand  lines  fall  in  the  range 
between  2000-10,000l.7  In  order  to  per- 
form a  satisfactory  analysis,  either  a  large 
spectrograph  with  good  dispersion  is  needed 
or  a  method  of  eliminating  or  depressing  the 
tungsten  spectrum.  Very  little  has  been  pub- 
lished up  to  the  present  time  on  detennining 
trace  elements  in  tungsten.  Only  half  a  dozen 
scientific  papers  were  found  in  the  litera- 
ture.** ••  ••  «.IO,M 

Tungsten  and  its  compounds  will  give  a 
suitable  spectrum  when  excited  in  a  d.c.  arc, 
a.c.  arc,  and  a.c.  spark;  however,  the  sensi- 
tivities for  trace  elements  vary  widely. 
Graphite  electrodes  are  generally  the  most 
satisfactory  means  for  holding  the  samples 
during  excitation.  Tungsten  spectra  gener- 
ally have  considerable  background  radiation 
present,  but  this  can  be  controlled  with  a 
buffer  or  suitable  optics  and  diaphragms  be- 
fore the  slit  of  the  spectrograph. 

Variations  of  the  above  basic  excitation 
sources  have  been  developed  which  include 
the  ignited  a.c.  arc,  uni-arc,  and  sustaining 
a.c.  arc.  Recent  publications  describe  the  use 
of  these  sources  on  refractory  metals  such 
as  zirconium,  titanium,  etc.,  to  obtain  good 
sensitivity  when  arcing  metal  pieces  by  the 
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point-to-plane  technique.4  The  author  has 
not  used  these  sources  and  techniques  on 
tungsten,  but  feels  they  would  be  applicable. 
Some  of  the  difficulties  encountered  when  arc- 
ing these  refractory  metals  by  the  point-to- 
plane  technique  are  the  preparation  of  stand- 
ards and  erratic  results  caused  by  segregation. 

The  three  basic  excitation  sources  will  be 
discussed  below  in  relation  to  sensitivities 
attainable  with  various  types  of  sample 
preparation.  Special  emphasis  will  be  given 
to  the  use  of  the  high  voltage  Duffendack 
type  a.c.  arc  for  obtaining  maximum  sensi- 
tivities in  trace  element  detection.2 

The  d.c.  arc  is  good  for  general  qualitative 
work  on  powder  samples  and  gives  adequate 
sensitivity  for  most  problems.  Generally, 
there  is  considerable  background  present  in 
the  spectrum  when  a  sample  is  arced  directly ; 
the  addition  of  graphite  powder  will  reduce 
this  somewhat.  The  d.c.  arc  gives  the  best 
sensitivity  when  the  tungsten  is  arced  as  the 
metal  powder.  The  addition  of  graphite  to 
the  tungsten  powder  lowers  background  only 
to  a  slight  extent  at  low  amperages.  At  high 
amperage  d.c.  excitation,  above  10  amperes, 
there  is  a  marked  depression  of  background 
and  tungsten  spectrum;  but  the  tungsten 
carbide  formation  is  not  as  pronounced  as 
with  the  high  voltage  a.c.  arc  to  give  maxi- 
mum sensitivity. 

Arcing  samples  in  the  form  of  ammonium 
paratungstate,  tungstic  acid,  and  WOs  result 
in  a  loss  of  sensitivity,  especially  on  medium 
volatility  and  refractory  elements,  by  more 
than  a  magnitude.  The  sensitivity  for  vola- 
tile elements  such  as  arsenic  and  lead  is  not 
greatly  affected.  Arcing  powdered  sodium 
tungstate  gives  fair  sensitivity  for  most  trace 
impurities,  but  for  best  results  the  material 
should  be  anhydrous.  The  excitation  of  solid 
tungsten  samples  in  the  form  of  rods,  wire, 
or  disks,  when  used  as  self-electrodes,  does 
not  give  the  sensitivity  attainable  with  pow- 
ders. 

The  a.c.  spark  can  be  used  to  excite  solid 
samples  of  tungsten,  but  again  the  sensitivity 


for  trace  elements  present  is  poor.  However, 
the  use  of  the  powder  spark  method  of  pel- 
leting samples  of  sodium  tungstate  or  tungstic 
oxide  with  National  graphite  SP-1  powder 
gives  a  good  spectrum  with  fair  sensitivity 
and  excellent  precision.12  The  use  of  second- 
ary tungsten  lines  for  internal  standardiza- 
tion will  not  work  well  unless  the  erratic 
formation  of  tungsten  carbide  is  controlled 
during  sparking.  For  example,  in  matrices 
other  than  sodium  tungstate,  the  addition  of 
pure  anhydrous  sodium  tungstate  to  the 
tungstic  oxide  pellets  will  depress  this  effect. 
Powders  in  these  two  forms  seem  to  make  the 
best  pellets  for  spark  analysis.  By  spark  ex- 
citation, molybdenum  could  be  determined 
at  the  0.001  %  level  using  the  3132.594&  line. 

The  high  voltage  Duffendack  a.c.  arc  oper- 
ating at  2200  volts  was  found  to  give  maxi- 
mum sensitivity  for  trace  elements  when 
the  tungsten  is  excited  as  the  metal  powder 
in  the  presence  of  graphite.  No  regular  com- 
mercial source  units  are  available  which  give 
more  than  5  amperes.  Greater  amperage  is 
needed  to  obtain  Tnfl.iHTY>nTn  sensitivity.  The 
advantage  of  this  source  in  analyzing  tung- 
sten as  the  metal  powder  is  that  when  a 
buffer  of  graphite  is  added,  a  highly  refrac- 
tory matrix  of  tungsten  carbide  is  formed  in 
the  arc.8  This  formation  holds  back  the 
tungsten  spectrum  as  in  carrier  distillation 
techniques  and  volatilizes  out  the  impurities. 
This  effect  is  not  noticeable  at  low  amper- 
ages. It  begins  at  about  4-5  amperes  and 
7-10  amperes  are  needed  to  get  adequate 
carbide  formation.  X-ray  diffraction  studies 
confirmed  thfe  phenomenon. 

The  tungsten  spectrum  is  held  back  for  up 
to  2  minutes.  A  very  hot  arc  is  formed  and  a 
large  increase  in  sensitivity  results  for  me- 
dium volatility  and  refractory  elements.  The 
limit  of  detection  for  volatile  elements  like 
arsenic  and  lead  are  only  slightly  improved. 
The  addition  of  nickel  or  cobalt  as  an  internal 
standard  element  to  the  graphite  buffer  gives 
excellent  results.  A  ratio  of  six  parts  of  tung- 
sten powder  to  one  part  graphite  buffer 
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TABLE  1 


Element  and  Line  A 

Matrix 

Limits  of  Detection* 

D.C. 
arc 
Direct 
Load 

A.C. 

wfth 
Gra- 
phite 

A.C. 
Arc 
With 
Gra- 
phite 

Al  3092.713 

W 

10-' 

io-7 

WO, 

io-5 

JQ—  5 

Na2W04 

10-' 

As  2860.452 

W 

icr8 

icr8 

W08b 

10-* 

Ca  3933.666 

W 

10-' 

10-8 

WO, 

io-8 

Na2W04 

1Q—  * 

Cu  3273.962 

W 

10—  7 

io-7 

WO, 

i<r« 

Fe  2483.027 

W 

io-« 

10"  8 

io-7 

WO, 

1Q—  * 

NA,W04 

10"  ' 

K  7664.907 

W 

io-8 

io-8 

WO, 

io-6 

Mg  2795.53 

W 

icr7 

10-8 

WO, 

10-' 

Na*W04 

io-7 

Mo  3132.594 

W 

10^""' 

10-* 

WO, 

JQ~5 

Na2W04 

1Q—  * 

1<H 

Na  5889.953 

W 

10""' 

10-' 

WO, 

io-« 

Ni  3414.765 

W 

10"' 

io-7 

WO, 

io-8 

IO-8 

Si  2506.899 

W 

10-' 

1<H 

WO, 

JP 

10-* 

Th  2899.724 

W 

10-* 

WO, 

id-* 

10h8 

*  Sensitivity  is  expressed  as  grams  of  element 
per  gram  of  sample;  e.g.  1(H  «=  1-10  ppm  « 
0.0001-.001%. 

b  Using  a  d.c.  arc  with  boiler  cap  electrodes, 
WO,  was  arced  with  graphite  and  ZnO  on  a  Bausch 
&  Lomb  dual  grating  spectrograph.  A  sensitivity 
of  1  ppm  was  reached  using  the  2288.121,  As  line. 
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works  well.  High  purity  nickel  or  cobalt 
sponge  ground  to  pass  200  mesh  is  added  to 
graphite  at  the  1  %  level. 

For  other  than  the  volatile  elements,  tung- 
sten in  the  form  of  ammonium  paratungstate, 
tungstic  acid,  and  tungstic  oxide  can  be  con- 
verted to  the  metal  powder  by  careful  re- 
duction. Even  wires,  pieces  of  rod  and  disks 
can  be  oxidized  to  tungstic  oxide  and  then 
reduced  to  the  metal  powder  for  analysis. 
Temperatures  of  650-700°C  are  needed  for 
the  oxidation  and  800-900°C  for  hydrogen 
reduction. 

In  Table  1,  approximate  sensitivities  are 
given  for  some  of  the  common  elements  de- 
termined in  tungsten  by  direct  means  with- 
out preconcentration.  Unless  otherwise 
stated,  a  large  Littrow  Bausch  &  Lomb 
quartz  spectrograph  was  used.  The  sources 
were  as  follows:  250  volt  d.c.  arc,  5-20  am- 
peres; National  Spectrographic  Laboratories, 
Inc.  a.c.  spark  source,  model  J4200;  and  a 
Duffendack  high  voltage  a.c.  arc,  2200  volts, 
2.5-15  amperes.  National  and  United  high 
purity  graphite  electrodes  were  used.  For 
powders,  Y±  inch  diameter  electrodes  were 
beveled  and  a  crater  ^  inch  in  diameter  and 
J^  inch  in  depth,  with  a  wall  thickness  of 
.010  db  .002  inch,  were  used.  Electrodes  were 
filled  with  sample  by  tamping.  The  powder 
pellets  used  in  the  spark  work  were  pre- 
pared on  an  Applied  Research  Laboratories' 
briquetting  press.  They  were  made  to  just  fit 
in  a  %  inch  diameter  electrode  with  a  crater 
of  0.194  inch  in  diameter  and  %  inch  in 
depth.  The  counter  electrode  has  a  15°  cone 
shaped  tip  made  from  Y±  inch  graphite  stock. 
The  spectrographic  plates  used  were  EK33 
and  1  L. 

When  other  refractory  metals,  which  form 
the  carbide  easily,  are  present  as  impurities 
in  tungsten,  their  limits  of  detection  will  be 
greatly  reduced  when  using  the  a.c.  arc  tech- 
nique. These  dements  will  be  depressed 
along  with  the  tungsten.  For  example,  the 
detection  of  molybdenum  will  be  reduced 
approximately  from  0.0005%  to  about 
0.05%. 
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The  determination  of  tungsten  itself  as  a 
trace  element  does  not  lend  itself  to  low 
levels  of  detection  unless  some  chemical  en- 
richment technique  is  used.1  Generally,  the 
addition  of  graphite  powder  to  the  sample 
should  be  avoided  since  sensitivity  will  be 
depressed  because  of  the  formation  of  tung- 
sten carbide  in  the  arc.  By  buffering  a  molyb- 
denum metal  powder  sample  with  zinc  oxide, 
a  sensitivity  of  0.005%  tungsten  was  at- 
tained using  the  4008.753A.  line.  A  Bausch 
&  Lomb  dual  grating  spectrograph  was  used 
with  d.c.  arc  excitation. 
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VISUAL    SPECTROMETERS,    MONOCHROMA- 
TORS, ILLUMINATORS 

It  is  difficult  to  distinguish  between  the 
teisns  "spectrometer,"  "monochromator" 
and  "illuminator/'  because  frequently  the 
same  instrument  can  be  designated  by  all 
three.  Strictly  speaking,  however,  an  instru- 


ment can  be  called  a  spectrometer  if  it  can 
be  employed  for  measuring  the  wavelengths 
of  a  series  of  lines;  a  monochromator  if  it 
can  isolate  a  spectrum  line,  not  necessarily 
measuring  the  wavelength;  and  an  illumina- 
tor if  it  isolates  the  line  and  serves  to  il- 
luminate a  specimen  or  additional  optical 
equipment,  such  as  a  microscope.  While  it 
may  be  possible  to  employ  the  same  appara- 
tus for  all  three  functions,  the  spectrometer 
should  lay  greater  stress  on  precision  of  set- 
ting and  less  on  aperture  ratio,  the  mono- 
chromator may  emphasize  spectral  purity, 
and  the  illuminator  normally  sacrifices  spec- 
tral purity  and  precision  of  measurement  for 
a  high  aperture  ratio  and  high  light  output. 

The  substitution  of  photoelectric  and 
other  radiation  detectors  for  the  human  eye 
has  confused  such  historical  differences,  how- 
ever, so  that  for  lack  of  a  better  name  the 
dispersing  elements  of  scanning  spectro- 
photometers  are  referred  to  as  spectrometers 
or  monochromators.  A  "spectrometer"  dis- 
plays the  spectrum  for  the  multiple  exit  slits 
of  direct  reading  emission  equipment. 

In  the  following  description,  instruments 
are  called  spectrometers  although  in  the 
same  form  they  are  frequently  used  as  mono- 
chromators or  illuminators. 

Prism  Spectrometers.  Much  of  the  early 
work  in  spectroscopy  was  performed  on  a 
simple,  divided  circle  prism  spectrometer 
(Fig.  1).  The  slit-collimator  arm  is  usually 
fixed,  while  the  telescope  arm  rotates  about 
a  vertical  axis  at  the  center  of  the  prism  ta- 
bles. Its  angular  position  can  be  read  from 
the  fixed  divided  circle  and  a  vernier  on  the 
telescope.  Usually  the  smaller  prism  table 
can  also  be  rotated  about  the  same  axis. 
The  lenses  should  be  achromatic  or  the  tele- 
scope provided  with  a  focusing  adjustment 
(Gaertner,  Hilger  &  Watts).  If  the  constants 
of  the  Hart™fl.nn  or  Cauchy  formulas  for  the 
refractive  index  of  a  prism  material  are 
known,  the  wavelengths  of  unknown  lines 
can  be  computed  from  their  observed  angles, 
or  conversely,  if  wavelengths  are  known,  the 
refractive  indices  of  the  prism  material  can 
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FIG.  2.  Pellin-Broca  prism   for  producing  a 
spectrum  always  at  90°  to  the  incident  beam. 


(Cowtesy  Gatrtner  Scientific  Corporation,  Chicago,  Minois) 
FIG   1   Gaertner  precision  spectrometer,  with  circle  graduated  in  5-rninute  divisions,  reading  by 

vernier  to  1  second,  uLd  particularly  for  measuring  the  optical  constants  of  glasses  and  other  optical 

materials. 

tools  for  measuring  the  refractive  indices  of 
optical  glasses  or  crystals  of  all  types,  for 
several  different  wavelengths,  to  determine 
the  dispersion  or  constants  of  the  Hartmann 
or  Cauchy  formulas. 

Usually  an  observer  prefers  to  remain 
seated  in  one  position  with  a  light  source  also 
fixed,  and  observe  various  regions  of  the 
spectrum  merely  by  turning  a  knob.  This 
can  be  achieved  by  a  constant  deviation 
spectrometer,  which  employs  either  a  Pellin- 
Broca  prism1  (Fig.  2),  or  by  a  mounting  sug- 
gested by  Wadsworth  (Fig.  3).2  The  prism 
can  be  driven  by  a  screw,  with  a  drum  or 
spiral  calibrated  to  read  wavelengths  di- 
rectly. 

The  Pellin-Broca  mounting  with  simple 
lenses  is  employed  in  the  visible  range,  where 
slight  refocusing  is  tolerable  (Gaertner, 
Bausch  &  Lomb,  Hilger  &  Watts,  Zeiss).  In 
the  ultraviolet  or  in  the  infrared,  particularly 
with  crystal  quartz,  where  a  Cornu  prism 
must  be  employed,  the  Wadsworth  arrange- 
ment is  used,  with  mirrors  instead  of  lenses, 
to  avoid  refocusing  (Gaertner,  Hilger  & 
Watts).  Several  manufacturers  supply  cam- 
era attachments  which  convert  such  spec- 
trometers into  simple  spectrographs. 


FIG.  3.  Wadsworth  prism  mounting,  to  produce 
a  spectrum  in  a  direction  always  parallel  to  the  in- 
cident beam,  or,  by  tilting  the  mirror,  always  per- 
pendicular. 

be  determined.  Nowadays  divided  circle 
spectrometers  are  employed  for  instructional 
purposes.  In  a  highly  accurate  form,  with 
divided  circles  reading  to  .1  second  of  arc 
(Gaertner,  Hilger  &  Watts,  Galileo,  Jobin 
&  Yvon),  they  are  employed  as  fundamental 
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The  fixed  deviation  makes  it  possible  to 
gang  two  such  spectrometers  together  to 
form  a  double  monochromator,  for  high 
spectral  purity  and  low  scattered  light  (Hil- 
ger  &  Watts). 

A  Young-Thollon  arrangement  of  two  30° 
quartz  or  glass  prisms  rotating  symmetrically 
about  axes,  as  indicated  in  Fig.  4,  and  quartz- 
lithium  fluoride  achromatic  lenses  has  been 
employed  by  Farrand  Optical  for  an  ultra- 
violet monochromator. 

In  the  Hilger-Muller  design  of  double 
monochromator  (Fig.  5),  lens  surfaces  are 
worked  on  the  face  of  the  dispersing  prisms 
in  order  to  reduce  the  number  of  surfaces 
and  thus  increase  the  over-all  transmission 


of  the  instrument.  The  single  screw  drive 
automatically  adjusts  focus  and  tilts  the 
prisms  to  produce  the  wavelength  indicated 
by  the  drum.  Because  of  the  difficulty  of 
producing  the  lens  surfaces  on  the  prisms, 
and  for  greater  mechanical  simplicity,  Hil- 
ger  &  Watts  has  now  replaced  this  design 
by  a  double  Littrow  mirror  system. 

In  ultraviolet  spectrophotometers,  Beck- 
man,  Hilger  &  Watts,  Unicam,  Jobin  & 
Yvon  and  Shimadzu  have  employed  a  simple 
Littrow  prism  system  with  a  concave  mirror 
focusing  element  (Fig.  6).  The  prism  needs 
only  to  be  rotated  to  change  the  wavelength 
range,  and  a  wavelength  scale  can  be  cali- 
brated to  read  directly  in  millimicrons. 


OBJECTIVE  LENS 


(Courtesy  Fammd  Optical  Company,  New  York) 

FIG.  4.  Young-Thollon  monochromator.  To  change  wavelengths,  the  prisms  are  rotated  symmetri- 
cally about  the  axes. 


K 


(Courtesy  Silger  ds  Watts,  Ltd.,  London,  England) 

FIG.  5.  Hilger-Mueller  double  monochromator.  To  save  reflections,  lens  surfaces  are  worked  on 
the  faces  of  the  prism. 
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Perkia-Elmer,  Baird-Atomic,  Hilger  & 
Watts  and  Unicain  in  their  infrared  spectro- 
photometers  employ  a  similar  Littrow  prism 
system,  usually  of  higher  flux  transmitting 
power,  obtained  from  a  60°  prism  and  back 
mirror  rather  than  a  30°  prism  with  reflect- 
ing back  face.  Figure  7  shows  a  typical  ar- 


FIG.  6.  A  typical  Littrow  prism  monochroma- 
tor  as  used  in  ultraviolet  spectrophotometers. 


rangement.  If,  after  passing  once  through 
the  optical  system,  the  light  is  intercepted 
before  the  exit  slit  and  returned  once  more 
through  the  system,  chopped  at  some  fre- 
quency to  which  the  amplifier  is  tuned,  the 
scattered  light  may  be  reduced  as  in  a  double 
monochromator.8  Such  a  spectrometer  is  said 
to  be  "double  passed." 

For  maximum  spectral  purity  in  spectro- 
photometry  it  is  best  to  employ  a  double 
monochromator.  The  Applied  Physics  (Cary) 
designs  illustrate  two  typical  optical  systems : 
Fig.  8  shows  a  two  prism  combination  and 
Fig.  9  a  prism-grating  arrangement. 

Unicam,  in  their  simple  spectrophotome- 
ter,  employ  a  F&y  prism  mount,  similar  to 


MS 


B 


(Courtwy  PwUn-SlTMr  Corp.,  NonodOt,  Conn.) 

FIG.  7.  An  infrared  prism  monochromator,  double  passed  to  reduce  scattered  light. 
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FIG.  8.  A  two  prism,  mirror-double  monochromator. 
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(Courtesy  Applied  Physic*  Corp.,  Pasadena,  Calif.) 

FIG.  9.  A  prism  grating  double  monochromator. 
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(Courtesy  BoAtach  A  Lomb  Optical  Co.,  Rochester,  N.  7.) 
FIG.  10.  A  high  aperture  grating  illuminator. 


the  F4ry  spectrograph  arrangement.  (See 
pages  269-270.) 

Grating  Spectrometers.  For  many  years 
original  gratings  have  been  too  expensive 
and  too  scarce  to  be  employed  commercially 
in  spectrometers  or  monochromators.  Such 
replica  gratings  as  were  available  had  too 
high  a  level  of  scattered  light  and  too  poor 
definition  to  compare  with  prisms  in  per- 
formance. However,  since  1952,  with  the 
development  of  replication  techniques  capa- 
ble of  producing  replicas  comparable  in  per- 
formance to  an  original  ruling  and  equiva- 
lent in  price  to  a  prism,  plane  replica  gratings 
have  been  incerasingly  employed  in  spec- 
trometers, in  the  following  designs. 

Bausch  &  Lomb  have  developed  a  mount- 
ing (Fig.  10)  which  is  designed  primarily  as 
an  illuminator  because  its  relatively  high 
aperture  ratio,  approximately//^,  is  achieved 
at  a  loss  in  definition  as  a  result  of  aberra- 
tions. The  wavelength  dial  reads  directly  in 
millimicrons. 

Fastie,4  for  Leeds  &  Northrup,  re-discov- 
ered a  grating  spectrometer  system  originally 
described  by  Ebert8  in  1889  (Fig.  11).  Fastie 
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pointed  out  that  if  the  slits  were  arcs  of  a 
circle  centered  about  the  extended  axis  of  the 
concave  mirror,  high  resolution  could  be 
maintained  even  when  using  long  entrance 
and  exit  slits.  Fastie  also  applied  a  sine  bar 
drive  to  the  rotation  of  the  grating  to  produce 


FIQ.  11.  Fastie-Ebert  grating  spectrometer.  A 
"sine  bar"  rotation  of  the  grating  produces  a  drive 
linear  in  wavelengths. 


FIG.  12.  Modified  Ebert  grating  spectrometer. 
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FIG.  13.  .5  Meter  Fastie-Ebert  scanning  grating  spectrometer,  giving  .1  A  resolution. 

a  direct  wavelength  read-out.  The  Leeds  & 
Northrup  spectrometer  employed  a  750-mm 
focal  length  and  a  grating  of  30,000  grooves 
per  inch  and  was  claimed  to  yield  a  second 
order  resolution  of  .05  A.  It  has  since  been 
discontinued. 

Modifications  of  the  basic  Ebert  arrange- 
ment are  employed  by  Farrand  and  by  Hil- 
ger  &  Watts  for  inexpensive  monochroma- 
tors  (Fig.  12). 

Jarrell-Ash  has  produced  a  simple  500  nmni 
Fastie-Ebert  spectrometer  (Fig.  13)  with 
straight  or  curved  slits,  yielding  second  order 
resolution  up  to  .1 A  at//8.6,  and  one  meter 
and  6  foot  vacuum  spectrometers  for  high 
resolution  and  precise  wavelength  measure- 
ments. The  6  foot  model  with  appropriate 
photomultiplier  and  strip  chart  recorder  will 
produce  a  direct  intensity  trace  of  the  Hg 
2536  A  line,  with  components  separated  by 
only  .01  A  (Fig.  14).  Wavelengths  may  be 
read  directly  to  1 A  and  interpolated  between 
standards  to  db.02  A. 
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FIG.  14.  Direct  photoelectric  scan  of  the  Hg 
2537  isotope  hyperfine  structure,  using  a  Fastie- 
Ebert  spectrometer,  in  the  XXIV  order  of  a  grating 
of  7448  grooves/inch,  showing  resolution  of  .01  A. 
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VISUAL  SPECTROSCOPES 

The  terms  "spectroscopy"  and  "spectro- 
scopic"  are  generic  and  are  applied  to  the 
whole  field  of  study  which  concerns  itself 
with  isolating  a  single  wavelength  or  sepa- 
rating an  array  of  electromagnetic  wave- 
lengths into  a  spectrum.  Indeed,  these  terms 
are  now  applied  to  sound  waves  or  electrical 
frequencies.  It  is  most  useful,  however,  to 
reserve  the  term  "spectroscope"  for  a  visual 
instrument  for  observing  spectra,  without 
taking  a  photograph  (spectrograph)  or  mak- 
ing a  precise  wavelength  measurement  (spec- 
trometer). A  spectroscope  usually  has  an 
arrangement  for  viewing  either  a  compar- 
ison spectrum  or  a  coarse  wavelength  scale. 

The  simplest  of  all  spectroscopic  instru- 
ments is  a  spectroscope  consisting  only  of  a 
slit  which  is  viewed  through  a  transmission 
grating.  The  observer  sees  a  virtual  image 
of  the  slit  in  the  various  colors  of  the  spec- 
trum (Fig.  1,  Beck).  A  similarly  compact 
prism  spectroscope  is  obtained  by  using  an 
Amici1  prism,  consisting  of  two  prisms  of 
crown  glass  and  one  of  dense  flint  glass  (Fig. 
2,  Beck,  Bausch  &  Lomb,  Zeiss).  Other  di- 
rect vision  prisms  are  the  Zenger2  and  Wer- 
nicke*  (Figs.  3  and  4).  A  more  refined  trans- 
mission grating  spectroscope  may  have  a  slit, 
collimating  lens,  grating,  objective  lens  and 
eyepiece  (Fig.  5).  The  original  spectroscope 


FIG.  1.  Simple  spectroscope  forming  virtual 
images  of  a  slit  through  a  transmission  grating. 


FIG.  2.  Direct  vision  spectroscope  using  an 
Amici  prism,  prisms  A  of  crown  glass,  prism  B  of 
dense  flint. 


FIG.  3.  Zenger  prism. 


FIG.  4.  Wernicke  prism. 


FIG.  5.  Transmission  grating  spectroscope. 


FIG.  6.  Kirchhoff-Bunsen   spectroscope,   with 
wavelength  scale  reflected  from  the  third  tube. 


FIG.  7.  Spectroscope  for  the  ultraviolet,  with 
eyepiece  viewing  a  fluorescent  screen. 
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(Courtesy  Hilger  A  Watts,  London,  England) 

FIG.  8.  The  Hilger  Steeloscope— a  high  dispersion  spectroscope  for  rapidly  grading  or  sorting  steels 
visually. 

used  by  Bunsen  and  Kirchhoff,  1860,  em- 
ployed a  prism  in  a  mounting  with  a  third 
arm  containing  an  illuminated  wavelength 
scale,  observed  through  the  eyepiece  by  re- 
flection off  the  prism  face  (Fig.  6,  Gaertner). 
The  telescope  may  be  rotated  through  a  small 
angle  to  observe  different  regions  of  the 
spectrum.  Lenses  must  be  achromatic  or  the 
telescope  has  to  have  a  focusing  adjustment. 
The  ultraviolet  region  of  the  spectrum  can  be 
observed  visually  by  projectingthe  spectrum 
on  a  high  efficiency  fluorescent  screen  which 
is  viewed  by  the  eyepiece  (Fig.  7,  Beck). 

Simple  visual  spectroscopes  are  employed 
to  study  qualitatively  the  emission  of  flames 
or  other  sources,  and  to  detect  the  pres- 
ence of  the  alkali  or  alkaline  earth  elements 
or  various  band  systems. 

The  Hartridge  Reversion  Spectroscope 
(Beck)  splits  the  spectrum  into  two  halves, 
one  reversed  in  dispersion  to  the  other.  An 
adjustment  makes  it  possible  to  shift  on£ 
half  with  respect  to  the  other,  until  a  par- 
ticular absorption  band  lines  up  in  both 
spectra,  when  the  wavelength  of  the  band 
can  be  read  from  a  wavelength  drum.  The 
instrument  is  used  widely  in  biological  and 
clinical  work  to  identify  substances  with 
strong  and  distinctive  absorption  bands,  such 
as  carbon  monoxide. 

High  dispersion  spectroscopes  have  been 


(Courtesy  Socitte  G6n6rals  d'Optiqw,  Paris,  Francs) 

FIG.  9.  The  Huet  industrial  spectroscope  for 
comparing  the  spectrum  from  an  unknown  sample 
with  that  of  standard  specimen. 

applied  extensively  to  identification  of  vari- 
ous metallic  alloys,  particularly  for  sorting 
mixed  stocks.  The  first  instrument  of  this 
kind,  the  Steeloscope  (Hilger  &  Watts),  is 
shown  in  Fig.  8.  It  employs  a  train  of 
three  60°  prisms  examined  by  a  20X  eye- 
piece, to  give  an  apparent  dispersion  of  ap- 
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proximately  5  A/mm  at  4300  A,  so  that  even 
a  stainless  steel  spectrum  is  well  resolved. 
Later,  more  sophisticated  designs  have  been 
developed  by  Fuess  and  Soci6t6  G&i&aJe 
d'Optique  (Fig.  9).  The  Russians  used  the 
Hilger  Steeloscope  extensively  to  identify 
and  sort  the  metals  recovered  from  German 
tanks  and  other  weapons  destroyed  on  the 
Eastern  Front  during  and  after  World  War 
II,  and  have  since  developed  their  own  de- 
signs. With  such  instruments,  mixed  stock  in 
a  warehouse  or  scrap  yard  can  be  sorted  at 
the  rate  of  30-100  samplesAour,  depending 
on  bulk,  similarity  and  operator  proficiency. 
With  care,  a  quantitative  precision  of  25- 
100%  can  be  achieved. 
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WEATHER  EFFECTS  ON  ACCURACY,  See 
ACCURACY  IN  SPECTROCHEMICAL 
ANALYSIS,  p.  99. 

ZEEMAN  EFFECT* 

This  effect,  named  for  its  discoverer,  who 
observed  the  first  experimental  indication  of 
it  in  1896,  is  the  splitting  of  a  spectral  line 
into  a  number  of  components  when  the  emit- 
ting source  is  placed  in  a  magnetic  field.  The 
effect  arises,  of  course,  from  the  splitting  of 
the  levels  involved  in  a  transition.  The  ex- 
planation has  as  its  starting  point  lannor's 
theorem,  which  states  that  the  orbital  mo- 
tion of  an  electron  is  expected  to  precess 
about  the  axis  representing  the  direction  of 
the  magnetic  field  with  uniform  angular 
velocity  represented  by  «L  =  H(e/2mc), 
which  is  the  product  of  the  field  strength  by 
the  ratio  between  the  magnetic  moment  and 

*  The  sixth  in  a  consecutively  developed  series 
of  articles  on  the  fundamentals  of  Optical  Emis- 
sion Spectra:  see  Introduction-Designation  and 
Description  of  Spectra  for  list  of  topics,  p.  202. 
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the  orbital  angular  momentum.  In  the  gen- 
eral case  it  is  assumed  that  more  than  one 
electron  is  involved  and  that  the  angular 
momentum  vectors  L  and  S  are  resultants. 
Only  L/S-coupling  will  be  considered  in  this 
discussion.  In  this  case  the  total  resultant 
angular  momentum   vector,   J,   precesses 
about  the  direction  of  H,  it  being  assumed 
that  the  field  is  not  strong  enough  to  break 
the  coupling  between  L  and  £,  and  thereby 
causes  these  vectors  to  precess  independ- 
ently. This  is  a  simple  extension  of  the  treat- 
ment where  we  have  a  single  electron  with 
quantum  vectors  s  and  I.  When  electron  spin, 
which  accounts  for  multiplet  structure,  is 
introduced,  it  becomes  necessary  to  intro- 
duce a  factor  g  into  the  expression  for  the 
angular  velocity  of  precession  leading  to 
WL  =  Hg(e/2mc).  The  g  factor,  which  is 
equal  to  the  ratio  between  the  total  magnetic 
moment  of  the  atom  and  the  total  mechan- 
ical moment  in  units  of 


,  is  0  »  1  + 


J(J 


The  total  energy  of  the  precession  is  equal 
to  the  product  of  the  precessional  angular 
velocity  by  the  component  of  the  resultant 
mechanical  moment  projected  on  the  axis  of 
H.  This  energy  which  is  expressed  as  an  in- 
crement to  the  energy  of  an  unaffected  level 
is 

AJF  -  M .g-H-  —  -  — , 
2r    2mc 

in  which  M  is  the  magnetic  quantum  num- 
ber. The  part  of  this  expression  included  in 
h/2r  •  e/2mc  is  the  Bohr  magnetron  or  unit  of 
magnetic  moment.  To  express  this  energy  in 
wave  numbers  we  divide  ATT  by  he  and  obtain 
for  the  separation  of  the  Zeeman  component 
of  a  level  from  the  unaffected  position 

A?  -  M -g-H 


The  expression  He/4*  me2  is  the  formula  ob- 
tained in  a  classical  deviation  by  Lorentz  for 


ZEEMAN  EFFECT 


the  separation  of  the  outer  component  of  the 
triplet  from  the  central  component  in  the 
so-called  normal  Zeeman  effect.  It  is  called 
the  Lorentz  unit,  designated  L,  and  is  equal 
to  4.67  X  10r*-H  cm-1.  We  may  then  write 
the  formula. 

Ai>  »  M*g*L  cm"1 

The  usual  situation  giving  rise  in  general 
to  a  more  complex  pattern  has  been  called 
"anomalous  Zeeman  effect"  for  historical 
reasons.  This  is  somewhat  misleading.  The 
patterns  are  quite  regular  and  predictable 
with  LS  coupling  and  field  strengths  below  a 
critical  value. 

To  explain  the  structure  of  a  Zeeman  pat- 
tern, it  is  noted  that  in  a  magnetic  field  the 
total  angular  momentum  /  splits  into  2J  + 
1  components.  The  values  of  M  may  be 
thought  of  as  the  projections  of  these  com- 
ponents of  J  on  the  magnetic  axis  and  take 
values  differing  from  each  other  by  unity 
from  M  =  +/  to  M  =  —  J.  The  formation 
of  a  pattern  is  best  explained  by  an  example 
for  which  we  choose  2/Si/2  —  2Pi  i/2  .  The  ap- 
propriate g  values  are  calculated  from  the 
formula.  Let  us  arrange  the  M  values  for 
J  =  1J^  in  a  horizontal  row  with  the  cor- 
responding Mg  products  below.  Similarly 
let  us  arrange  the  M  and  M  g  values  for 
J  =  ^  with  the  Mg  values  on  the  line  adja- 
cent to  those  in  the  previous  array: 


M     - 


Mg 
M 


\ixi 


g- 


The  transitions  permitted  by  the  selection 
rule  for  M,  namely  A  M  =  0,  ±1,  are  shown 
by  the  arrows.  The  resulting  pattern  is  given 
by 


A* 


L  cm-* 


This  is  the  pattern  that  appears  when  ob- 
servation is  at  right  angles  to  the  field.  The 


components,  shown  in  parentheses,  corre- 
sponding to  the  vertical  transition  are  po- 
larized parallel  to  the  direction  of  the  field 
and  are  called  p  components.  Those  corre- 
sponding to  the  diagonal  transitions  are 
polarized  normal  to  the  field  and  are  called 
s  components.  For  an  array  such  as  that 
shown  where  the  ,7 's  are  unequal,  the  vertical 
differences  at  the  center  and  the  diagonal 
differences  at  the  end  are  the  stronger.  Where 
them's  are  equal,  giving  what  is  called  a  "box 
model,"  the  diagonal  differences  in  the  mid- 
dle and  the  vertical  differences  at  the  end 
are  stronger.  In  the  instance  of  singlets,  S  = 
0  and  g  reduces  to  1.  For  these  cases,  if  we 
take  the  selection  rule  for  M  into  account,  a 
normal  triplet  is  obtained.  An  important  fact 
to  be  noted  is  that  the  pattern  is  unique  for 
a  transition  associated  with  a  given  set  of 
quantum  numbers. 

A  very  large  number  of  possible  regular 
patterns  were  published  by  Kiess  and  Meg- 
gers.1 Complete  tables  of  g  values  for  LS 
coupling  are  given  in  "Atomic  Energy  Lev- 
els2" and  in  the  "American  Institute  of 
Physics  Handbook.8"  Formulas  are  availa- 
ble for  other  types  of  coupling  or  in  instances 
of  hyperfine  structure. 

If  the  field  strength  surpasses  a  critical 
value  the  pattern  becomes  distorted  and 
finally  approaches  a  form  in  which  the  en- 
tire multiplet  approaches  the  configuration 
of  a  normal  triplet.  This  is  called  the  Pa- 
schen-Back  effect  and  is  caused  by  the  de- 
coupling of  the  L-  and  S-vectors,  which  in 
the  complete  development  of  the  effect 
precess  independently  around  J5T. 

An  effect  similar  to  the  splitting  of  spec- 
tral by  a  magnetic  field  is  the  Stark  effect 
produced  by  an  electric  field,  named  for  its 
discoverer,  and  first  observed  in  1913.  The 
first  theoretical  explanation  of  this  effect  by 
Schwarzschild  and  by  Epstein  was  one  of 
the  important  early  successes  of  the  Bohr 
theory.  The  detailed  experimental  observa- 
tion of  the  effect  is  difficult.  As  it  ordinarily 
manifests  itself,  the  Stark  effect  causes  a  line 
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broadening  resulting  from  the  fields  present 
in  radiation  sources. 
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Flame  photometry  is  the  utilization  of  a 
flame  excitation  source  in  the  optical  emis- 
sion spectroscopic  analysis  of  alkali  metals, 
alkaline  earth  metals  and  many  other  ele- 
ments with  excitation  potentials  low  enough 
for  flame  excitation. 

The  first  use  of  the  flame  as  a  spectro- 
scopic source  is  generally  attributed  to  Bun- 
sen  and  Kirchoff  in  1860  but  the  relation 
between  chemical  composition  of  substances 
added  and  the  color  of  the  resulting  flame 
was  reported  as  early  as  1862.6  Its  use  was 
not  extensive  until  after  1945  when  com- 
mercial flame  photometric  instrumentation 
was  developed.  Now  a  bibliography1  contain- 
ing over  900  references,  several  books2-4  and 
chapters  in  books6*  6  indicate  the  wide  ac- 
ceptance of  flame  photometry  as  an  ana- 
lytical technique. 

For  analysis  with  the  flame  photometer,  a 
sample  in  solution  form  is  atomized  into  a 
flame,  and  chemical  elements  contained  in 
the  sample  are  vaporized  and  excited  to  emit 
characteristic  electromagnetic  radiation — 
light  rays.  This  light  is  deflected  into  a  selec- 
tive filter,  a  prism  or  a  diffraction  grating  so 
that  only  a  narrow  portion  of  the  spectrum 
is  separated  and  directed  onto  a  suitable  de- 
tector for  measuring  light  intensity.  The  de- 
tector converts  the  light  into  electrical  energy 
which  is  measured  with  a  galvanometer  or 
recorder. 

For  introduction  of  the  sample  solution 
into  the  flame,  two  types  of  atomizers  are 
used.  One  type  is  an  integral,  atomizer- 


burner  constructed  so  that  sample  solution 
is  injected  directly  into  the  flame.2*  Another 
type  has  a  spray  chamber  where  larger  drop- 
lets condense  and  finer  droplets  are  swept 
on  into  the  flame.2b  The  latter  type  of  atom- 
izer is  subject  to  more  matrix  errors  and  is 
hazardous  to  use  with  organic  solvents. 

Flames  used  for  excitation  burn  fuel  mix- 
tures varying  from  natural  gas-air  at  a  tem- 
perature of  2200°K  to  cyanogen-oxygen  at 
4800°K7-U  Hydrogen-oxygen  is  generally 
most  useful  because  it  has  a  sufficiently  high 
temperature,  2900°K,  to  excite  many  ele- 
ments and  gives  low  background  emission. 

Instruments  using  light  filters,  photome- 
ters, are  adequate  for  routine  analysis  or 
special  problems  but  are  usually  limited  by 
interference  from  spectral  overlap  and  be- 
cause they  are  less  flexible  for  nonroutine  use. 
Modern  filters  such  as  interference  filters 
can  now  be  obtained  which  transmit  very 
narrow  light  bands,  thereby  •mfofoiniBfag 
spectral  overlap.  Instruments  using  prisms 
or  diffraction  gratings,  spectrophotometers, 
are  preferred  because  of  the  much  wider 
variety  of  elements  they  can  detect.20'  fa 

For  detecting  the  emitted  light,  flame  pho- 
tometers often  use  barrier-layer  cells  and, 
therefore,  have  less  sensitivity.  Flame  spec- 
trophotometers use  phototubes  or  photo- 
multipliers.  Photomultipliers  give  far  greater 
sensitivity,  allowing  the  use  of  narrower  slits, 
and,  consequently,  increasing  the  ratio  of 
line  to  background  light  and  lowering  detec- 
tion limits.*1 
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For  measuring  instrument  response,  gal- 
vanometers are  generally  used,  although  re- 
corders are  becoming  more  popular  because 
they  offer  several  advantages  They  can  be 
employed  to  smooth  out  flame  fluctuations, 
they  are  easier  to  read,  and  they  can  be  used 
in  conjunction  with  a  wavelength  scanning 
device  to  record  spectra.12-14 

Quantitative  determinations  with  the 
flame  photometer  are  very  rapid  and  precise. 
A  single  measurement  for  a  sample  solution 
can  be  made  in  ten  seconds  and  can  be  re- 
peated with  a  precision  as  good  as  ±0.2  per 
cent  of  the  emission  obtained.15  Because 
flame  photometric  methods  are  empirical, 
calibration  curves  must  be  prepared  by  plot- 
ting the  net  emission  of  light  versus  concen- 
trations of  the  element  to  be  determined. 

Although  precision  of  measurements  is  ex- 
cellent, certain  errors  may  be  encountered 
which  can  lead  to  inaccuracy.2*'  5b»  *»•  15« 16 
These  errors  are  caused  by  differences  be- 
tween the  composition  of  samples  and  stand- 
ards. In  order  to  compensate  for  such  errors, 
several  different  techniques  are  in  use.  One 
of  these  techniques,  the  use  of  internal  stand- 
ards, is  to  add  a  known  concentration  of  an 
element  not  present  in  the  sample  to  both 
standards  and  samples.  The  effect  of  foreign 
substances  on  element  emission  and  varia- 
tions in  the  flame  theoretically  have  the  same 
effect  on  the  desired  element  and  the  internal 
standard.  Plotting  the  ratio  of  light  emitted 
by  the  sample  element  and  the  internal 
standard  element  against  concentration  then 
compensates  for  interferences.  Instruments 
have  been  designed  specifically  for  using  in- 
ternal standards  by  utilizing  simultaneous 
beams  of  light  coming  from  the  sample  ele- 
ment and  the  internal  standard. 

The  use  of  internal  standards,  however,  is 
not  always  foolproof  and  may  give  only  par- 
tial corrections.  For  this  reason,  many  ana- 
lysts prefer  to  use  instruments  utilizing  a 
single  beam  of  light  and  compensate  for  er- 
rors in  other  ways.  Compensations  for  errors 
depend  on  the  type  of  errors,  but  are  pre- 


dominantly based  on  the  idea  of  making 
samples  and  standards  as  nearly  identical 
as  possible. 

Applications  have  been  mostly  for  deter- 
mining sodium  and  potassium  in  a  wide 
variety  of  samples,  but  are  becoming  broader 
as  time  progresses.1  Flame  photometry  be- 
came more  practical  and  popular  in  the 
United  States  during  and  shortly  after 
World  War  II,  when  commercial  instru- 
mentation was  improved.  Since  then  it  has 
developed  markedly  so  that  now  over  sixty 
elements,  including  the  rare  earths,  can  be 
detected.17  Practical  determinations  are  usu- 
ally limited  to  fewer  elements  such  as  the 
alkali  and  alkaline  earth  metals,  boron,  chro- 
mium, cobalt,  copper,  iron,  lead,  manganese, 
nickel  and  silver. 

Problems  limiting  practical  determina- 
tions are  gradually  being  solved  with  the 
advent  of  new  developments.8  One  of  these 
developments  is  the  use  of  a  high-tempera- 
ture flame,8-11  such  as  that  produced  by  burn- 
ing a  mixture  of  cyanogen  and  oxygen,  which 
provides  for  excitation  to  higher  energy  lev- 
els, producing  more  atomic  spectral  lines. 
Another  is  chelation  and  selective  extraction 
with  organic  solvents.18* 19  This  can  increase 
sensitivity  by  concentrating  the  elements 
and  enhancing  its  emission.  This  enhancing 
effect  is  caused  mainly  by  the  heat  con- 
tributed to  the  flame  by  the  solvent.  Other 
improvements  resulting  in  better  line  to  back- 
ground ratio  and/or  smaller  flame  fluctua- 
tions will  also  broaden  flame  photometric 
determinations  and  extend  the  already  sig- 
nificant importance  of  flame  photometry. 
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ALLOYS 

Flame  photometry  is  valuable  in  the  anal- 
ysis of  metallurgical  alloys  when  a  simple, 
reasonably  accurate,  and  rapid  method  of 
analysis  is  required.  Compared  with  an  arc 
or  a  spark  source,  flames  excite  fewer  lines 
of  each  element — an  advantage;  also  sample 
introduction  and  excitation  conditions  are 
less  difficult  to  establish.  Flame  methods 
should  be  of  interest  to  small  foundries  which 
do  not  have  spectrographic  facilities,  as  well 
as  for  production  and  control  laboratories. 

Necessary  equipment  includes  a  quartz- 
prism  or  grating  monochromator  equipped 
with  adjustable  entrance  and  exit  slits,  an 
aspirator-burner  combination  employing  an 
oxygen-hydrogen  or  an  oxygen-acetylene 
flame,  and  separate  blue-  and  red-sensitive 
photomultiplier  receptors  with  associated 
electronic  amplifier.  Recording  attachments 
are  desirable.8 

Solvent  extraction,6- 7  followed  by  aspira- 
tion of  the  organic  phase  into  the  flame,  is 
being  used  to  an  increasing  extent.  Intensi- 
fication of  emission  intensities  ranging  from 
ten-  to  twenty-fold  is  usual.  The  increased 
emission  intensity  allows  greater  resolution 
and  enables  less  concentrated  samples  to  be 
analyzed  without  any  loss  in  precision.  By 
lowering  the  concentration  levels  of  matrix 
elements,  or  by  selective  extraction  of  test 
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elements  from  other  matrix  elements,  spec- 
tral and  radiation  interferences  may  often  be 
circumvented. 

Studies  with  very  high  temperature 
sources,  such  as  the  oxygen-cyanogen  flame, 
and  the  development  of  absorption  flame 
methods  offer  promise  for  the  determination 
of  elements  which  are  not  excited  to  emission 
in  an  oxygen-hydrogen  or  an  oxygen-acety- 
lene flame. 

As  a  guide  to  the  application  of  flame  pho- 
tometry for  alloy  analysis,  methods  for  con- 
stituents in  various  classes  of  sample  mate- 
rial will  be  outlined  in  the  following  sections. 
Detailed  procedures  will  be  found  in  the 
references  cited.  A  thorough  discussion  for 
each  element,  which  includes  the  spectrum 
excited  to  emission,  optimum  excitation  con- 
ditions, and  spectral  and  radiation  interfer- 
ences from  other  cations  and  anions,  is  avail- 
able and  should  be  consulted.9 

Ferrous  Alloys 

Alkali   and   Alkaline   Earth   Metals. 

Kuemmel  and  Karl29  have  determined  cal- 
cium, lithium,  magnesium,  and  sodium  in 
ductile  cast  iron  and  nodular  iron.  The 
method  is  applied  after  a  preliminary  extrac- 
tion of  iron  with  ether.  Solutions,  prepared 
from  samples  4-grams  in  weight,  were  di- 
luted to  a  final  volume  of  50  ml.  Phosphorus 
is  the  only  element  causing  interference  in 
considerable  magnitude;  compensation  is 
effected  by  using  standards  prepared  from 
pure  cast  iron  with  a  phosphorus  content 
within  0.02%  that  of  the  samples.  Known 
amounts  of  the  test  elements  are  added  to 
these  solutions.  The  method  of  standard 
addition  would  be  more  convenient  perhaps. 

Abresch  and  Dobner1  have  discussed  their 
experience  with  flame  methods  in  the  deter- 
mination of  calcium  and  magnesium  in  the 
steel-plant  laboratory. 

Aluminum.  To  determine  acid-soluble 
aluminum,  Eshelman  et  oZ.15  removed  the 
iron  from  aliquots  containing  between  0.1 
and  0.5  mg.  of  aluminum  by  extraction  with 


4-methyl-pentan-2-one  from  a  5M  hydro- 
chloric acid  solution.  The  aqueous  phase  was 
evaporated  to  incipient  dryness,  dissolved  in 
a  few  milliliters  of  water,  and  the  aluminum 
extracted  with  cupferron  from  an  acetate 
solution  adjusted  to  pH  2.5  to  4.5  with  a 
known  volume  of  4-methyl-pentan-2-one. 
One  3-minute  shaking  removes  all  the  alu- 
minum. The  organic  phase  is  aspirated  di- 
rectly into  the  flame  and  the  emission  in- 
tensity of  the  line  at  396.2  mju,  or  of  the  band 
head  at  484  m/i,  is  compared  with  standards 
prepared  by  a  similar  cupferrate  extraction 
of  aluminum  aqueous  standards.  Sensitivity 
is  0.2  jug  of  aluminum  per  ml.  per  scale  divi- 
sion (%jP-scale). 

Chromium.  Bryan  and  Dean8  selectively 
extracted  chromium(VI)  with  4-methyl-pen- 
tan-2-one  from  an  aqueous  solution  IM  in 
hydrochloric  acid  and  maintained  at  0°  to 
10°C.  Shaking  for  one  minute  is  sufficient. 
The  organic  phase  is  aspirated  directly  into 
the  flame.  Although  some  iron  accompanies 
chromium  in  the  extraction,  it  does  not  in- 
terfere with  the  chromium  lines  at  359.4  and 
425.4  m/i.  Furthermore,  a  single  backwash  of 
the  organic  phase  with  fresh  IM  hydrochloric 
acid  removed  97  per  cent  of  any  iron  ex- 
tracted and  permitted  several  tenths  of  a 
gram  of  iron  to  be  present  in  the  initial  aque- 
ous phase.  Emission  sensitivity  is  0.1  Mg  of 
chromium  per  ml.  per  %T.  The  method  has 
been  applied  to  many  types  of  steel  and  cast 
iron  samples,  some  with  a  chromium  content 
as  low  as  0.029%. 

Less  successful  are  the  direct  methods  em- 
ployed by  Bumel-Marti  et  erf.4  and  by 
Ikeda.27. 

Copper.  The  direct  determination  of  cop- 
per is  subject  to  serious  interferences  with 
some  types  of  ferrous  alloys;  however,  or- 


employed  by  Dean  and  Lady.12  Fifteen  to 
150  micrograms  of  copper,  in  the  form  of  the 
salicylaldoxime  complex,  is  selectively  ex- 
tracted from  the  aqueous  solution  of  the  sam- 
ple with  four  successive  5-ml.  portions  of 
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chloroform  or  w-amyl  acetate.  Citrate  is  em- 
ployed to  buffer  the  solution  at  pH  3  and  to 
mask  the  iron(III)  and  thereby  to  prevent  its 
coextraction.  The  copper  emission  is  meas- 
ured at  324.7  mp. 

Ferrite  Composition  of  Steels.  Wever, 
Koch  and  Wiethoff35  isolated  electrolytically 
the  carbides  in  chrnm  mm  -mangainiege  steels 


and  determined  the  chromium-manganese- 
iron  content  of  the  ferrite  dissolved  in  the 
citrate  electrolyte.  Standards  of  each  of  these 
elements  were  prepared  in  a  similar  citrate 
solution. 

Manganese.  On  aliquots  of  stainless  steel 
samples  containing  less  than  100  ppm  of 
manganese,  Dippel  and  Bricker14  successfully 
employed  the  method  of  standard  addition 
to  determine  the  manganese  content  and  to 
overcome  the  serious  inhibition  of  other  sam- 
ple components.  The  method  of  Burriel- 
Marti  et  at.4  necessitates  the  use  of  numerous 
correction  curves  to  overcome  similar  inter- 
ferences. 

Nickel  and  Cobalt.  No  satisfactory 
method  has  been  reported  for  these  elements 
where  emission  lines  seriously  overlap  each 
other  except  for  the  cobalt  line  at  387.3  m/* 
and  the  nickel  line  at  361.9  m^.  Burriel-Marti 
et  al4  precipitated  nickel  with  dimethylgly- 
oxime,  extracted  with  chloroform,  stripped 
the  organic  phase  with  5M  hydrochloric  acid, 
and  measured  the  nickel  emission  on  the 
acid-strip  solution.  The  back-extraction  sac- 
rifices the  intensification  obtained  with  the 
use  of  organic  solvents. 

It  should  be  possible  to  determine  cobalt 
and  nickel  by  the  use  of  suitable  organic 
solvent-extraction  methods  following  re- 
moval of  the  bulk  of  the  iron.10'  15»  19 

Nonferrous  Alloys 

Aluminum  -base  Alloys.  Chromium.  The 
method  outlined  under  ferrous  alloys  is  suit- 
able. There  are  no  interferences. 

Copper.  The  sample  is  simply  dissolved 
and  atomized  directly  into  the  flame.  The 
copper  emission  is  read  at  324.7  m/i.8 
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Dean  and  Cain10  selectively  extracted  cop- 
per, manganese,  and  nickel  (plus  any  cobalt) 
as  the  diethyldithiocarbamates  from  a  cit- 
rate-buffered solution  with  chloroform.  The 
organic  phase  was  aspirated  into  the  flame 
and  the  emission  intensity  of  each  element 
was  measured  at  324.7,  403.3,  and  352.5  m/z, 
respectively. 

Gallium  and  Indium.  The  sample  is  dis- 
solved and  aspirated  directly.  Indium  is  read 
at  451.1  m/i.81  The  method  reported  for  gal- 
lium by  Meloche  and  Beck80  should  be  ap- 
plicable to  aluminum  alloys.  The  emission  is 
read  at  417.2  m/*. 

Iron.  Dean  and  Ladyu  extracted  a  sample, 
adjusted  to  pH  0.5,  with  six  successive  por- 
tions of  acetylacetone.  Later  work  by  the  au- 
thor and  unpublished  studies  by  Menis  and 
Rains  have  shown  that  a  single  extraction  with 
4-methyl-pentan-2-one  from  a  solution  5M 
in  hydrochloric  acid  is  sufficient  to  remove 
the  iron  quantitatively.  With  either  solvent, 
the  organic  phase  is  aspirated  into  the  flame 
and  the  iron  read  at  372.0  or  386.0  m/i. 

Magnesium.  The  sample  is  dissolved  and 
aspirated  directly.  The  crests  of  the  molecu- 
lar band  systems  are  measured  at  372  or 
383  m/*.  Standards  should  contain  equivalent 
amounts  of  aluminum  and  acid,  but  other 
constituents  exert  no  effect.28 

Manganese.  Dippel  and  Bricker14  employed 
the  standard-addition  method  to  evaluate 
the  manganese  content  on  dissolved  samples 
without  any  prior  separations.  Manganese 
is  read  at  403.3  mju.  See  also  the  extraction 
method  described  under  "Copper." 

Sodium.  The  dissolved  sample  is  aspirated 
directly  and  the  sodium  emission  is  read  at 
589  m/i.  Standards  should  contain  equivalent 
amounts  of  aluminum  and  copper.28  The  acid 
concentration  is  not  particularly  critical,  but 
should  not  exceed  certain  limits.24 

Copper-  and  Nickel-base  Alloys.  For 
aluminum,  the  method  described  under  "Fer- 
rous Alloys"  is  suitable  after  removal  of  the 
copper  (or  nickel)  by  a  mercury-cathode  sep- 
aration. 
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For  chromium  and  iron,  the  method  out- 
lined under  "Aluminum  Alloys"  is  suitable. 

For  manganese,  the  method  described  un- 
der "Ferrous  Alloys"  is  suitable. 

Magnesium-Lithium  Alloys*  For  lith- 
ium, Strange84  has  described  a  method  for 
the  range  1  to  10  per  cent;  Robinson  and 
Ovenston,82  for  the  range  11  to  14  per  cent. 
To  compensate  for  the  suppressing  effect  of 
magnesium  and  aluminum,  addition  of  these 
elements  to  the  standard  solutions  is  recom- 
mended. The  latter  authors  used  a  double- 
beam  instrument  and  added  1600  ppm  of 
potassium  at  internal  standard  and  quanti- 
ties of  acid  similar  to  those  employed  to  dis- 
solve the  sample. 

Tin-base  Alloys.  Generally  it  is  difficult 
to  prevent  extensive  hydrolysis  with  the 
amounts  of  tin  normally  present.  Conse- 
quently, tin,  along  with  any  antimony  and 
arsenic,  is  removed  by  volatilization  of  the 
bromides.  Copper  is  determined  directly  on 
the  residual  sample.1 

Zinc-base  Alloys.  After  zinc  is  removed 
as  the  diethyldithiocarbamate  in  a  prelimi- 
nary extraction  with  chloroform,  aluminum 
is  determined  by  extraction  with  a  0.1M  solu- 
tion of  2-thenoyltrifluoroacetone  (TTA)  in 
4-methyl-pentan-2-one.18  The  organic  phase 
is  aspirated  into  the  flame  and  the  aluminum 
measured  at  396.2  or  484  m/t. 

Copper  is  determined  directly  on  the  origi- 
nal aqueous  solution.5 

For  iron,  the  method  described  under 
"Aluminum  alloys"  is  suitable. 

Essentially  Pure  Metals 

Generally  analyses  of  this  type  have  been 
confined  to  the  determination  of  alkali  metals 
in  various  "pure"  metals:  sodium  in  alu- 
minum,2 » s8 » 24  in  lead,17  in  lithium,28  and  in 
tungsten22;  and  of  potassium  in  aluminum,88 
in  lithium,28  in  lead,88  and  in  tungsten.22 
Standards  are  prepared  from  the  respective 
pure  metal  to  which  are  added  varying 
amounts  of  the  test  element.  When  neces- 
sary, the  standard-addition  method  may  be 


employed  to  ascertain  the  quantity  of  test 
element  present  in  the  metals  used  for  prep- 
aration of  the  standard  solutions. 

Cadmium.  The  amount  of  cadmium 
metal  plated  on  small  cylinders  of  aluminum 
was  determined  by  Gilbert20  using  the  cad- 
mium line  at  326,1  m/x. 

Cobalt.  Galloway19  has  determined  co- 
balt, copper,  and  iron  in  cobalt  mattes  and 
concentrates.  Samples,  0.1-gram  in  weight, 
are  dissolved  in  the  usual  manner.  The  solu- 
tion, 8M  in  hydrochloric  acid,  is  extracted 
with  two  portions  of  an  ethyl  methyl  ketone- 
chloroform  (2  +  1)  mixture.  The  iron  ex- 
tracts are  combined  and  back-washed  with  a 
fresh  8M  acid  solution.  The  organic  phase 
could  be  aspirated  directly  or  else  the  solvent 
is  removed  by  evaporation,  organic  matter 
destroyed,  and  the  residual  salts  dissolved  in 
water.  Iron  is  measured  at  386.0  m/i. 

The  aqueous  layers  are  combined,  heated 
to  remove  residual  organic  solvent,  and  con- 
centrated to  about  5  ml.  Ten  ml.  of  isopropyl 
alcohol  is  added  and  the  solution  is  diluted 
to  100  mL  with  water.  Cobalt  is  read  at  387.3 
m/x  and  copper  at  324.7  m/*. 

Copper*  Galloway18  has  determined  silver 
in  blister  copper  by  precipitation  of  silver  as 
the  chloride,  dissolving  by  successive  treat- 
ments with  aqueous  ammonia  and  hot  nitric 
acid,  and  measuring  the  silver  in  the  result- 
ing solution  at  338.3  m/t.  None  of  the  com- 
mon metals  interfere. 

Nickel.  Yokosuka86  has  determined  cal- 
cium in  metallic  nickel.  The  nickel  is  re- 
moved by  a  mercury-cathode  separation, 
along  with  other  minor  constituents  of  the 
sample,  and  any  aluminum  present  is  ex- 
tracted as  an  8-quinolinolate  at  pH  9.  The 
residual  solution  is  evaporated  to  dryness, 
the  residue  dissolved  in  N  hydrochloric  add, 
40  volume  per  cent  of  methanol  is  added, 
and  the  calcium  emission  is  measured. 

Related  to  the  topic  of  alloys  is  the  anal- 
ysis of  plating  solutions.  Fornwalt,16  follow- 
ing the  method  of  Dean  and  Thompson,18 
employed  50  volume  per  cent  methanol-wa- 
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ter  solutions  for  the  determination  of  boron 
in  nickel  plating  baths.  Readings  are  taken 
at  the  518-m/*  or  the  546-m/i  band  heads  and 
corrections  applied  for  the  flame  background 
emission  by  taking  a  reading  at  the  minimum 
on  either  side  of  the  crests.  The  nickel  con- 
centration is  determined  in  the  same  solu- 
tion by  taking  readings  at  352.5  mju. 

Tungsten.  In  addition  to  the  determina- 
tion of  sodium  and  potassium  in  tungsten 
metal  and  tungsten  ores  mentioned  earlier, 
calcium  has  also  been  determined  by  the 
same  investigators22  and  in  the  same  general 
manner. 

Indium.  Gilbert21  handled  quantities  of 
indium  which  corresponded  to  a  film  evapo- 
rated onto  supporting  surfaces.  Readings 
were  made  at  451.1 
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CYANOGEN 


Recent  investigations  have  shown  that  the 
cyanogen-oxygen  flame  has  properties  which 
make  it  an  excellent  source  in  flame  photome- 
try. Because  the  products  of  combustion  are 
extremely  stable  and  the  reaction  is  highly 
exothermic,  the  temperature  of  the  cyano- 
gen-oxygen flame  is  very  high.  This  high 
temperature  causes  excitation  of  many  ele- 
ments not  readily  excited  by  ordinary  flame 
sources.  It  is  the  purpose  of  this  article  to 
summarize  some  of  the  developments  leading 
to  the  use  of  this  flame  as  a  source  in  spectro- 
chemical  analysis  and  to  cover  the  recent 
work  on  cyanogen  flame  photometry. 

History  and  Development.  Dixon4  first 
attempted  to  determine  the  temperature  of 
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the  cyanogen-oxygen  flame  using  a  method 
involving  the  speed  of  sound  through  the 
flame  gases.  He  found  the  temperature  to  be 
approximately  4200°K.  Various  spectro- 
scopic  measurements  including  measurement 
of  rotational,9  vibrational9  and  translations!8 
spectra  also  showed  an  extremely  hot  flame, 
although  no  reliable  values  for  the  temper- 
ature were  obtained. 

The  most  accurate  means  of  measuring 
flame  temperatures  appears  to  be  the  line- 
reversal  method.7  In  this  method  the  spec- 
trum of  a  controllable  continuous  source  is 
viewed  through  the  flame.  A  small  amount 
of  a  metal  salt,  e.g.,  sodium  chloride,  is 
added  to  the  flame,  and  the  background 
source  is  adjusted  until  the  spectrum  line  of 
neither  the  emission  nor  the  absorption  spec- 
tra of  the  flame  appears  against  the  back- 
ground. The  background  source  is  then  as- 
sumed to  have  the  same  temperature  as  the 
flame.  Conway,  Wilson  and  Grosse8  modified 
the  line-reversal  method  to  allow  the  use  of 
the  sun  as  background  source.  A  variable 
absorbing  agent  was  used  to  control  the 
amount  of  the  sun's  radiation  used  as  back- 
ground. By  this  method  the  flame  tempera- 
ture for  a  1 : 1  molar  mixture  of  cyanogen  and 
oxygen  was  found  to  be  approximately 
4650°K  This  compares  favorably  with  the 
theoretical  value  of  4835°K  calculated  from 
thermodynamic  data.2 

Analytical  Applications.  Baker  and  Val- 
lee,1  in  a  brief  examination  of  the  use  of  the 
cyanogen  flame  as  a  source  in  flame  photome- 
try, detected  emission  lines  for  Ag,  Al,  Ba, 
Ca,  Co,  Cr,  Cu,  Fe,  Mg,  Mn,  Ni,  Pb  and  Sr 
using  a  short  exposure  time  and  a  small 
amount  of  sample.  None  of  these  emission 
lines  could  be  detected  with  the  hydrogen- 
oxygen  flame  under  identical  excitation  con- 
ditions. This  was  used  to  demonstrate  the 
greater  sensitivity  of  the  cyanogen  flame. 

The  above  elements  have  since  been  suc- 
cessfully determined  quantitatively  by  VaU 
lee  and  Bartholomay.10  A  recently  developed 
burner6'6  should  add  to  the  efficiency  of  the 


flame  and  consequently  to  the  utility  of  the 
method. 

Cyanogen  flame  photometry  is  not  fully 
developed  at  the  present  time,  but  it  shows 
promise  of  becoming  a  useful  tool  for  the 
quantitative  determination  of  small  concen- 
trations of  metals  with  high  excitation  po- 
tentials. Advantages  of  cyanogen-oxygen 
over  more  commonly  used  fuels  include  in- 
creased sensitivity  for  the  determination  of 
many  elements  of  high  excitation  potential 
and  lessened  anion  interferences. 
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ROBERT  P.  CLARK 

EXCITATION  MECHANISM 

In  the  course  of  studying  flame  photome- 
try in  high  temperature  flames  (oxy-cyano- 
gen— 5000°C)  and  low  temperature  flames 
(oxy-hydrogen— 3000°C),  several  interesting 
observations  were  made  which  were  not  ex- 
plained by  current  interpretation  of  flame 
spectra.  These  were  as  follows: 

(1)  The  flame  acts  as  a  TI.V.  source.  The 
intensity  of  metal  spectra  increases  with  in- 
creased U.V.  radiation  from  the  flame,  even 
when  the  temperature  of  the  flame  decreases. 
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(2)  Metal  spectral  lines  with  wavelengths 
less  than  2800A  are  not  usually  observed. 

(3)  Organic  solvents  increase  the  spectral 
intensity  many-fold. 

Current  theory  holds  that  flame  tempera- 
ture is  the  main  variable  in  controlling  spec- 
tral intensity.  Although  it  explains  qualita- 
tively the  third  of  these  observations,  it  does 
not  explain  the  first  two. 

In  an  effort  to  understand  these  phe- 
nomena, several  postulations  are  made.  It  is 
proposed  that  metal  atoms  are  excited  by 
ultraviolet  light  in  the  flame  and  that  this 
means  of  excitation  is  at  least  as  important  as 
the  temperature  of  the  flame.  It  is  also  pro- 
posed that  the  mechanism  of  attaining  this 
state  is  dependent  on  the  solvent  used  (or- 
ganic or  aqueous).  Further,  it  is  believed  that 
some  of  the  emitted  energy  is  self-absorbed 
by  the  flame.  Experimental  evidence  con- 
cerning the  validity  of  these  proposals  has 
been  obtained. 

Evidence  concerning  the  validity  of  these 
points  is  given  below. 

The  Flame  Acts  as  a  Source  of  Ultra- 
violet Light.  Two  types  of  flames  were 
studied:  (a)  oxy-hydrogen,  and  (b)  oxy-cyan- 
ogen.  It  was  found  by  scanning  the  U.V. 
emission  spectra  of  these  flames  that  the  in- 
tensity of  emission  could  be  changed  con- 
siderably by  changing  the  ratio  of  fuel  to 
oxygen.  It  was  further  observed  that  the  in- 
tensity of  emission  of  iron  spectral  lines  ex- 
cited by  these  flames  increased  with  increased 
TI.V.  light  in  the  flame  although  the  flame 
was  below  the  rrmximum  temperature  in 
these  cases.  The  results  are  summarized  in 
the  following  table. 


Results  indicated  increased  metal  emis- 
sion with  increased  U.V.  intensity  in  the 
flame  but  not  with  increased  temperature.  It 
should  be  noted  that  increased  U.V.  emis- 
sion occurred  with  excess  oxygen  in  the  hy- 
drogen flame  and  excess  cyanogen  in  the  sec- 
ond case. 

Further  evidence  for  this  postulation  was 
obtained  when  it  was  observed  with  the  oxy- 
hydrogen  flame  that  spectral  lines  with  wave- 
lengths below  2800A  were  not  usually  de- 
tected although  many  metals  have  intense 
spectrographic  lines  in  this  region.  It  was 
noted  that  intense  flame  emission  occurred 
at  3060A  (water  bands)  and  that  metal  emis- 
sion lines  with  longer  wavelengths  were  usu- 
ally observed. 

If  it  is  conceded  that  the  metals  are  ex- 
cited by  U.V.  light,  it  is  logical  that  the  in- 
tense flame  radiation  at  3060A  is  the  short- 
est wavelength  excitation  source.  Wave  me- 
chanics tells  us  that  this  radiation  will  excite 
lines  of  longer  wavelength,  but  not  shorter 
wavelength.  This  fits  in  closely  with  experi- 
mental observation. 

More  striking  evidence  in  support  of  this 
theory  is  found  in  Figure  1.  This  shows  the 
spectra  between  2300A  and  3000A  exhibited 
by  oxy-cyanogen  flames  set  at  the  same  tem- 
perature. In  one  flame  there  was  excess  oxy- 
gen. Very  little,  if  any,  U.V.  radiation  was 
detected.  When  iron  was  atomized  into  this 
flame,  no  spectral  lines  were  observed  in  this 
region.  The  second  flame  contained  excess 
cyanogen.  Since  these  two  fl.am.es  were  at 
equal  temperatures,  spectral  variation  could 
not  be  caused  by  temperature  differences. 
However,  this  flame  exhibited  strong  U.V. 


Oxy-Hydrogen 

Oxy-Cyanide 

Excess  Ht 

Stoichiometric 
(Hottest) 

Excess  Oi 

Excess  (CN)» 

Stoichio- 
metric 

Excess  Os 

Temperature 
U.V.  Emission  (30601  Wa- 
ter Band) 
Fe  Emission  (3440  Double) 

Low 
Medium 

Medium 

Medium 
Medium 

Medium 

Low 
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High 

Medium 
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High 
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Low 

Medium 
Low 
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330 
VATOUHGTH  (KXLLIMXCBOItS) 

(Ssso  Research  Laboratories,  Ssso  Standard  Oil  Company  Louisiana,  Division) 

FIG.  1.  Spectrum  of  iron  in  oxy-cyanogen  flame.  Iron  lines  (solid)  superimposed  on  oxy-cyanogen 
flame  spectrum. 

Note:  Cyanogen  flame  with  excess  oxygen  generated  no  U.  V.  light  or  iron  spectrum  although  the 
temperature  of  both  flames  was  equal. 


emission  in  the  range  2300-3000JL  When  iron 
was  atomized  into  this  flame,  numerous  spec- 
tral lines  were  exhibited  as  can  be  seen  from 
Figure  1. 

These  two  flames  differ  only  in  their  spec- 
tral character,  their  temperatures  being 
equal.  It  seems  likely,  therefore,  that  the  dif- 
ference in  excitation  of  iron  spectrum  is  caused 
by  the  difference  in  U.V,  light  in  the  flame. 

To  summarize,  if  temperature  were  the  only 
source  of  excitation,  then  all  spectral  lines, 
even  down  to  2000A  would  be  excited  in  a 
flame.  However,  we  have  seen  that  normally 
only  lines  with  wavelengths  greater  than 
2800A  are  excited.  This  coincides  with  the 
wavelength  of  the  intense  lines  found  in  oxy- 
hydrogen  and  oxy-cyanogen  flames.  Further, 
when  the  oxy-cyanogen  flame  is  distorted  to 


radiate  short  wavelength  U.V.  light,  then 
metal  emission  lines  are  detected  throughout 
the  wavelength  band  2000i  to  2800i. 

Excitation  Using  an  External  Source 
of  U.V.  light.  If  ,ashasbeen  postulated,  spec- 
tra can  be  generated  by  U.V.  light,  it  should 
be  possible  to  use  an  external  source  of  U.V. 
light  to  generate  spectra.  This  was  examined 
experimentally  in  the  following  manner. 

Equipment:  A  schematic  diagram  of  the 
equipment  is  shown  in  Figure  2. 

An  aqueous  solution  of  a  suitable  metal 
was  aspirated  into  a  standard  Beckman 
flame  photometer  burner.  The  spectropho- 
tometer  was  arranged  such  that  the  detector 
continuously  monitored  the  resonance  line 
of  the  metal  being  examined.  A  hollow  cath- 
ode was  positioned  at  right  angles  to  the 
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'  Hollov  C^fhoflf* 

FIG.  2.  Equipment  used  for  external  excitation  of  metal  spectra. 


coarnrooro  SKHHDXBO  or  SIGKAL  STHEKJTH 

PIG.  3.  Enhancement  of  Mg  28521  line  using 
a  hollow  cathode.  —  Mg  (1000  ppm)  with  hollow 
cathode-  -Mg  (1000  ppm)  without  hollow  cathode. 

light  path  of  the  flame  and  the  slit  of  the 
spectrophotometer.  The  intensity  of  the 
emission  was  measured  (a)  with  the  hollow 
cathode  on  and  (b)  with  it  off.  If  excitation 
of  the  metal  atoms  in  the  flame  occurs,  there 
should  be  enhancement  of  the  strength  of  the 
spectral  line.  Of  course,  it  will  be  appreciated 
that  the  metal  atoms  will  absorb  the  II. V. 
ligjit  and  re-emit  at  random,  forming  a  sphere 
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of  radiant  energy.  The  slit  sees  a  very  small 
part  of  this  sphere  and  therefore  only  a  very 
small  portion  of  the  re-emitted  light  would 
be  utilized.  To  detect  this  small  amount  of 
energy,  the  instrument  was  run  at  maximum 
sensitivity.  The  results  obtained  were  as 
follows: 

Sodium.  \  5890l.  No  enhancement  of  in- 
tensity was  detected.  However,  it  was 
noted  that  the  intensity  of  the  flame 
emission  signal  was  so  high  that  it  would 
be  very  difficult  to  detect  the  small  en- 
hancement expected. 

Nickel  \  3524.51,  34141.  No  enhance- 
ment was  detected.  In  this  case  the  os- 
cillator strength  of  these  spectral  lines 
is  low.  This  would  mean  that  the  nickel 
would  be  very  inefficient  in  absorbing 
energy  from  the  hollow  cathode.  As  a 
result,  only  a  small  amount  of  energy 
would  be  re-emitted. 

Magnesium.  \  28521.  The  results  obtained 
with  magnesium  are  shown  in  Figure  3. 
With  magnesium,  conditions  for  the  de- 
tection of  "fluoresced"  light  were  good.  The 
intensity  of  the  emission  line  was  low  allow- 
ing the  instrument  to  be  set  at  high  sensitiv- 
ity. Further,  the  oscillator  strength  of  the 
absorption  line  was  high.  This  permits  an 
efficient  absorption  of  the  energy  from  the 
hollow  cathode.  Under  these  conditions  any 
re-emitted  signal  was  significant  compared 
to  the  emission  of  the  metal  excited  by  the 
flame  alone.  This  allowed  a  significant  meas- 
urement of  "fluoresced"  light  to  be  made. 
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It  appears  from  Figure  3  that  some  en- 
hancement of  the  signal  occurred.  Care  was 
taken  to  prevent  reflected  light  from  the  hol- 
low cathode  reaching  the  entrance  slit  of  the 
monochromator.  Further,  since  there  was  no 
enhancement  detected  in  the  case  of  sodium 
and  nickel,  it  can  be  assumed  that  the  reflec- 
tions would  have  caused  an  apparent  signal 
in  the  case  of  these  two  metals. 

Effect  of  Type  of  Solvent.  In  flame  pho- 
tometry, when  organic  solvents  are  used  in- 
stead of  aqueous  solvents,  a  many-fold  (X20) 
increase  in  emission  intensity  occurs.  This  is 
explained  in  part  by  increased  flame  temper- 
ature, but  this  cannot  completely  explain  the 
great  increase  in  sensitivity  observed  by 
workers  in  the  field. 

Two  different  processes  of  excitation  are 
proposed  for  aqueous  and  organic  solvents 
which  greatly  influence  the  percentage  of 
atoms  excited  in  flame  processes.  A  sche- 
matic representation  of  these  processes  is  as 
follows: 

Aqueous  Solution 
Ions  in  water  droplets 

I 
Evaporation  to  hydrated  metal  residue 

i 
Dehydration  and  reduction  to  atoms 

i 
Excitation  and  emission 

This  is  an  endothermic  process.  Many  ions 
will  go  through  the  flame  without  getting 
excited. 

Organic  Solvent 
Organic  complex  in  organic  solvent 

i 
Solvent  evaporates  and  burns 

i 
Organic  addend  burns  leaving  atoms 

i 
Excitation  and  emission 

This  is  an  exothermic  process  and  therefore 
more  efficient.  Because  a  greater  number  of 
atoms  are  excited  when  an  organic  sol- 


vent is  used,  the  emission  spectrum  is 
stronger.  Further  evidence  is  shown  by  the 
observation  that  in  atomic  absorption  spec- 
troscopy  greater  absorption  occurs  from  met- 
als burned  in  organic  solvents  than  in  aque- 
ous solution. 

This  fact  cannot  be  explained  by  increased 
flame  temperature  when  organic  solvents  are 
burned,  because  increased  flame  temperature 
would  result  in  a  reduction  of  the  number  of 
atoms  in  the  ground  state  and  hence  a  de- 
crease in  absorption.  The  proposed  mecha- 
nism for  organic  solution  results  both  in 
more  free  atoms  and  more  excited  atoms. 

Wave  Mechanics*  The  intensity  of  spec- 
tral lines  is  governed  by  two  equations — the 
Einstein-Boltzmann  equation: 

ft     gir 
ft"     to 

and  the  equation  for  the  strength  of  spectral 
line: 

-E\*T 

S-NJE  =  NJE  Q- 

These  equations  are  correct  in  themselves 
but  pertain  only  under  black  body  condi- 
tions. A  metal  in  a  flame  cannot  be  consid- 
ered to  be  under  black  body  conditions  be- 
cause of  the  U.V.  light  from  the  flame.  The 
effect  of  temperature  on  the  emission  spec- 
trum is  explained  by  these  equations  but  not 
the  effect  of  U.V.  emission. 

Excitation  during  Chemical  Reaction. 
The  process  of  forming  excited  atoms  of  a 
metal  dissolved  in  an  aqueous  or  organic  so- 
lution probably  follows  the  pattern  described 
earlier.  During  this  process,  the  metal  is  at 
one  stage  combined  to  form  a  stable  molecule. 
This  may  be  an  oxide,  hydroxide,  or  organic 
in  nature.  The  fact  that  the  metal  is  com- 
bined indicates  that  the  valence  electrons  are 
in  a  molecular  orbit.  In  order  to  emit  atomic 
spectra  the  molecule  must  be  broken  down 
and  metal  atoms  released.  This  process  of 
producing  metal  atoms  would  give  rise  to  the 
emission  spectra  of  the  metal  concerned.  It 
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will  be  remembered  that  the  valence  elec- 
trons are  responsible  for  the  emission  of  spec- 
tra. In  a  combined  atom,  the  valence  elec- 
trons are  in  a  molecular  orbit.  When  the 
molecule  is  broken  down  the  electron  must 
return  to  ground  state  atomic  orbits.  It  is  a 
distinct  possibility  that  the  electron  changes 
from  a  molecular  orbit  to  excited  atomic  or- 
bits and  then  to  the  ground  state  orbit.  In 
this  process,  the  electron  would  emit  atomic 
spectra  when  descending  from  excited  atomic 
orbits.  The  transfer  from  molecular  orbits 
would  probably  be  accompanied  by  emission 
of  unquantized  energy.  This  would  account 
for  the  high  background  sometimes  associ- 
ated with  emission  techniques. 

In  effect,  this  would  mean  that  is  is  possi- 
ble to  use  the  chemical  energy  stored  in  a 
molecule  for  the  excitation  of  spectra.  No 
doubt  much  of  the  energy  required  to  pro- 
duce a  chemical  reaction  is  stored  as  poten- 
tial energy  in  the  valence  electrons.  When 
these  bonds  are  broken,  the  electrons  liberate 
the  energy,  perhaps  in  the  form  of  emission, 
and  return  to  the  ground  state.  The  process 
is  therefore  a  possible  explanation  of  the  ob- 
servation of  high  energy  emission  lines  in  sys- 
tems which  do  not  have  sufficient  energy  to 
excite  them. 

It  will  be  readily  understood  that  the 
chemical  composition  of  the  metal  molecule 
will  have  a  far  reaching  effect  on  the  effici- 
ency of  this  process,  and  on  the  extent  to 
which  various  emission  lines  are  excited. 

A  schematic  diagram  of  this  process  is 
shown  in  Figure  4. 

Absorption  Effect  of  Solvent.  The  ab- 
sorption effect  of  solvents  or  fragments  of 
solvents  burning  in  the  flame  is  an  important 


Molecular  Orbit 


Ltteft 


Nucleus 


FIG.  4.  Production  of  spectra  during  chemi- 
cal reaction.  These  orbits  are  not  intended  to  rep- 
resent actual  orbits,  merely  to  represent  the 
process. 
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variable  in  the  excitation  process.  Any  ab- 
sorption of  the  U.V.  light  in  the  flame  would 
decrease  the  excitation  of  the  metal  atoms 
present.  It  has  been  observed  experimentally 
that  absorption  of  transmitted  U.V.  light 
occurs  in  the  inner  cone  of  the  flame.  It  is 
reasonable  to  assume  that  if  transmitted 
U.V.  light  is  absorbed,  then  internally  gen- 
erated U.V.  light  is  also  absorbed.  The 
solvent,  therefore,  has  an  important  sup- 
pression effect  on  the  intensity  of  the  metal 
spectra  by  (a)  absorbing  U.V.  light  in  the 
flame  and  diminishing  U.V.  excitation  of  the 
metals,  and  (b)  by  absorbing  the  spectrum 
emitted  by  the  excited  metal. 

Conclusions.  It  is  concluded  from  these 
observations  that  the  intensity  of  a  metal 
emission  spectrum  is  dependent  on  the  fol- 
lowing variables: 

1.  Efficiency  of  Producing  Atoms.  This  is 
dependent  on  the  solvent  and  controls  the 
number  of  ions  converted  to  atoms  on  pass- 
age through  a  flame. 

2.  Chemical  Reaction.  During  the  transi- 
tion of  the  valence  electron  from  molecular 
to  ground  state  atomic  orbits,  quantized 
(line  spectra)  and  unquantized  (background) 
energy  may  be  emitted. 

3.  Temperature.  Ground  state  atoms  may 
be  excited  by  thermal  energy.  The  equation 
listed  above  indicates  the  temperature/emis- 
sion intensity  relationship. 

4.  The  UV  Light  Generated  in  the  Flame. 
Both  the  wavelength  and  intensity  of  this 
light  is  important  in  exciting  spectra. 

5.  Absorption  of  UV  Light  by  Solvents  or 
Fragments  of  Sokents  Present  in  the  Flame. 
If  the  flame  absorbs  light  it  may  decrease  the 
intensity  of  emission  at  certain  wavelengths. 

This  can  be  summarized  as  follows: 

Dissolved  Metal  Molecules  (organic  or  inorganic) 

1  Dependent  on 

(1)  elimination  of  solvent 
(2)  breakdown  of  molecule 
Excited  Atom     (3)  both  steps  (1)  and  (2)  can  be 
I  brought   about   by  thermal 

energy  or  absorbed  UV  light 
I  from  the  system 
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Ground  State 
Atom  +  h? 

4 

Excited  Atom 


(emission  of  quantized  light  or 
continuum) 

Atom  is  re-excited  by  thermal 
energy  or  UV  light  from  the 
system 

(emission) 


Ground  State 
Atom  +  h? 

I 

Intensity  of  emitted  light  is  modified  by  absorp- 
tion properties  of  the  system. 

J.  W.  ROBINSON 

INDIRECT  METHOD 

Despite  the  notable  success  of  flame  pho- 
tometry in  elemental  analysis  several  of  the 
more  common  and  important  elements  can- 
not be  determined  in  this  manner  because 
they  do  not  yield  characteristic  or  discrete 
flame  spectra.  Among  those  elements  are  the 
halogens,  nitrogen,  oxygen,  and  sulfur. 
Even  when  arc  or  spark  excitation  are  uti- 
lized to  provide  much  greater  excitation 
energies,  only  a  portion  of  these  elements  can 
be  analyzed  and  then  under  special  condi- 
tions. In  many  instances,  however,  an  in- 
direct procedure  can  be  applied  to  the  de- 
termination of  these  elements  whereby  the 
inherent  advantages  of  flame  photometry 
can  be  retained.  A  number  of  indirect  flame 
photometric  methods  have  been  developed 
and  further  applications  should  be  feasible. 

The  primary  objective  of  this  review  is  to 
integrate  and  bring  up  to  date  the  informa- 
tion available  on  indirect  flame  photometry. 
This  subject  is  discussed  in  several  texts1-  * 
and  in  a  current  paper  by  Gilbert.8  Since  the 
information  contained  in  the  literature  is 
often  incomplete,  a  certain  amount  of  in- 
terpretation is  attempted.  In  general,  how- 
ever, no  attempt  will  be  made  to  systematize 
information  concerning  the  relative  sensi- 
tivity and  precision  of  the  different  methods, 
since  information  of  this  character  is  rarely 
presented  in  a  manner  amenable  to  compar- 
ison. 

Indirect  flame  photometric  methods  can 
be  classified  into  three  general  groups:  (a) 
those  in  which  spectral  measurements  are 


made  of  characteristic  molecular  or  radical 
bands,  (b)  those  involving  chemical  separa- 
tions, including  precipitation,  extraction  and 
ion  exchange  and  (c)  methods  based  on  the 
interference  of  the  element  to  be  determined 
with  the  direct  flame  photometry  of  another 
element. 

Methods  have  been  developed  for  the  de- 
termination of  several  elements,  based  on 
spectral  measurements  of  the  characteristic 
emissivity  of  molecules  or  radicals  formed  in 
the  flame.  Nitrogen  in  65  nitrogenous  com- 
pounds was  determined  by  Honma  and 
Smith4  by  measuring  the  intensity  of  a  CN 
band  at  its  peak  wavelength  of  388.3  m/j. 
They  found  the  optimum  range  to  be  0.1  to 
15  per  cent  nitrogen  and  that  elemental 
nitrogen  need  not  be  excluded  since  it  does 
not  interfere.  The  method  was  not  satis- 
factory for  nitrogen  in  alkali  nitrites,  ni- 
trates or  cyanides.  Chloride  in  sea  water5 
and  in  organic  compounds6  was  determined 
similarly  by  measuring  a  CuCl  band  in  the 
region  of  437  mju.  In  this  case  a  low  fuel  pres- 
sure was  used  to  prevent  excitation  of  oxide 
bands  which  are  formed  in  the  same  spectral 
region.  The  range  of  chloride  determined 
was  approximately  0.2  to  1.5  per  cent  in 
water  and  of  the  same  order  in  organic  com- 
pounds. For  the  determination  of  fluoride, 
CaF  bands  which  extend  from  514.5  to  529 
mp  have  been  utilized.2* 7*  8>  9« 10  The  varia- 
tion in  intensity  of  the  bands  was  observed 
to  be  dependent  on  the  fluoride  concentra- 
tion. Fuwa8  also  observed  a  similar  relation- 
ship for  SrF  and  BaF  bands  at  495  and  500 
mju,  respectively.  Ishida9  studied  the  effect 
of  temperature  and  different  fuels  (propane, 
H2 ,  acetylene)  on  the  intensity  of  the  CaF 
bands.  He  detected  the  CaF  bands  only 
with  an  oxygen-acetylene  flame,  and  found 
the  intensity  to  be  maximum  at  2400°  K, 
that  is,  at  a  relatively  low  temperature.  In 
regions  of  higher  temperature  it  may  be  pre- 
sumed the  CaF  is  dissociated. 

This  technique,  the  measurement  of  mo- 
lecular bands,  can  probably  be  extended  to 
the  determination  of  other  nonmetallic  ele- 
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ments.  Gaydon  and  Egerton11  present  data 
on  some  of  the  bands  systems  which  may  be 
of  interest.  Among  the  more  prominent- 
bands  tabulated  are:  BrO  at  427.0,  439.8, 
and  453  m/i;  CS  at  257.5  m/i;  10  at  458.3 
m/t;  SO  at  316.5  and  327  m/*;  and  SiO  at 
248.7  mM. 

Indirect  methods  involving  separation  of 
the  component  to  be  determined  by  classical 
chemical  precipitations  have  been  found  to 
be  readily  applicable  in  a  number  of  cases. 
A  precipitant  which  contains  an  element 
readily  estimated  by  flame  photometry  is 
utilized.  Either  the  excess  reagent  or  the 
precipitate  which  contains  the  desired  com- 
ponent in  a  known  stoichiometric  ratio  is 
aspirated  into  the  flame  and,  by  referring  the 
measured  radiant  intensity  to  a  calibration 
curve,  the  amount  of  the  desired  component 
is  determined.  The  limitations  of  this  proce- 
dure are  essentially  those  associated  with 
gravimetric  determinations,  and  include 
solubility  effects  and  coprecipitation  errors. 

One  of  the  earliest  applications  of  this  type 
was  the  determination  of  halides.12  Silver 
nitrate  was  added  in  excess,  the  residual  sil- 
ver was  determined  flame  photometrically, 
and  the  halide  concentration  was  calculated 
from  the  decrease  in  emissivity.  Within  the 
range  of  30  to  100  jug  of  Cl  per  ml,  the  coef- 
ficient of  variation  was  5  per  cent.12  Even 
lower  concentrations  of  chloride  (1  to  10 
/ig  per  ml)  can  be  determined.  Furthermore, 
by  the  addition  of  ammonia  in  controlled 
concentrations  to  selectively  complex  halides, 
individual  halies  can  be  determined  in  the 
presence  of  others,  for  example,  bromide  in 
the  presence  of  chloride  and  iodide  in  the 
presence  of  both  bromide  and  chloride.18 
Similarly,  sulfate  can  be  determined  by  the 
addition  of  a  barium  salt  in  excess  and  sub- 
sequent flame  photometric  measurement  of 
the  excess  barium,14  or  of  a  suspension  of  the 
barium  sulfate  precipitate  in  a  1-per  cent 
starch  solution.16  The  ranges  of  sulfate  con- 
centration thus  determined  were  reported  to 
be  from  0  to  100  ppm  and  100  to  1000  ppm, 
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respectively.  Earlier  yet  Lundegardh12  de- 
termined sulfate  by  precipitating  it  in  an 
ethanol  medium  with  strontium,  added  in 
excess,  and  measuring  the  excess  strontium 
flame  photometrically.  He  used  25  ml  of 
0.0015  to  0.005  M  sulfate  solutions.  In  previ- 
ous work,  Lundegardh16  also  indicated  that 
barium  had  been  used  in  the  determination 
of  sulfate  and  that  a  similar  technique,  utiliz- 
ing calcium  as  the  precipitant,  had  been 
used  for  the  estimation  of  carbonate  by  in- 
direct flame  photometry.  No  details  were 
given,  however.  In  a  like  manner,  fluoride 
was  determined  by  precipitating  it  as  CaF2 , 
followed  by  a  flame  photometric  measure- 
ment of  excess  calcium.17  Here,  again,  details 
are  lacking. 

The  precipitation  method  followed  by  the 
application  of  flame  photometry  to  measure 
the  excess  of  precipitant  can,  it  is  evident, 
be  utilized  for  the  determination  of  many 
components  for  which  gravimetric  methods 
are  available.  Required  conditions  are:  the 
precipitation  must  remove  the  desired  com- 
ponent quantitatively  and  in  a  fixed  and 
known  stoichiometric  ratio  with  the  pre- 
cipitant; the  precipitating  reagent  must 
contain  an  element  which  can  be  determined 
by  direct  flame  photometry.  This  type  of 
analysis  should  be  of  particular  value  for 
service  analysis  of  a  large  number  of  similar 
samples,  the  approximate  concentration  of 
which  is  known,  especially  where  results  are 
required  in  the  TYnTnnmim  of  time  rather  than 
with  extreme  precision. 

In  this  category  may  also  be  included 
methods  for  the  determination  of  pure  com- 
pounds in  solutions  or  mixtures  by  flame 
photometric  measurement  of  a  constituent 
of  the  compound.  In  this  manner  Knight 
and  Peterson18  established  the  concentration 
of  sodium  salts  of  organic  acids  by  measuring 
the  emissivity  of  the  sodium.  This  technique 
has  also  been  utilized  for  the  determination 
of  CN  and  N03  present  as  their  potassium 
salts.4 

Cation  displacement  on  an  ion  exchange 
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resin  column  followed  by  measurement  of 
the  emissivity  of  the  displaced  cation  can, 
under  suitable  conditions,  be  utilized  for  de- 
termination of  the  adsorbed  ion.  For  exam- 
ple, magnesium,  an  element  which  yields,  at 
best,  a  feeble  flame  spectrum,  has  been  de- 
termined by  measurement  of  the  emissivity 
of  sodium  equivalent  to  the  magnesium, 
which  was  displaced  from  a  cation  exchange 
column.2 

In  the  third  grouping,  the  determination 
of  a  component  is  based  on  the  magnitude  of 
its  interference  with  the  emissivity  of  an- 
other component,  for  example,  through  com- 
pound formation.19  This  type  of  effect  has 
been  applied  as  an  indirect  method  for  the 
determination  of  phosphate20  and  alumi- 
num,21 through  measurement  of  the  extent 
to  which  they  inhibit  the  emissivity  of  cal- 
cium, under  controlled  operating  conditions. 
Similar  techniques  have  been  reported  by 
others.22  Procedures  based  on  interference 
effects  have  been  proposed  for  the  determina- 
tion of  sulfate,  molybdate,  tungstate,  vana- 
date,  arsenate  and  zirconate.8  Of  the  indirect 
flame  photometric  methods  cited,  those 
based  on  the  application  of  "interference  ef- 
fects," are  probably  the  least  reliable.  They 
are  highly  empirical  and  dependent  on  a 
thorough  knowledge  of  the  matrix  material. 
Many  variables  such  as  flame  temperature, 
aspiration  rate,  side  reactions  must  be  ac- 
curately controlled  or  taken  into  account. 
Our  knowledge  of  the  chemical  reactions 
related  to  "interference  effects"  is  far  from 
complete.  It  has  been  postulated  that  the 
emission  of  calcium  is  depressed  by  the  for- 
mation of  compounds  which  are  difficult  to 
decompose19  or  dissociate,28  and  similar  ef- 
fects have  been  reported  for  other  alkali 
earth  elements  and  also  for  elements  of  the 
alkali  group.  Perchloric  acid  has  been  ob- 
served to  enhance  the  interference  attribut- 
able to  phosphate.24 

Through  the  use  of  indirect  methods  the 
applicability  of  flame  photometry  can  be  ex- 
tended to  the  determination  of  a  substantial 


number  of  elements  for  which  direct  methods 
are  not  available.  In  the  application  of  these 
techniques,  however,  one  must  recognize  and 
allow  for  the  restrictions  and  limitations  im- 
posed and  the  non-specific  nature  of  some  of 
the  procedures. 

Currently,  Dean  in  his  book  presents  some 
additional  information  on  this  subject.26 
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OSCAR  MENIS  AND  H.  P.  HOUSE 

LESS  FAMILIAR  ELEMENTS 

Of  all  the  flame  photometers  in  use 
throughout  the  world  (there  must  be  at  least 
10,000),  a  great  majority  are  doubtless  em- 
ployed for  the  determination  of  sodium  and 
potassium.  Every  one  now  knows  that  these 
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elements,  troublesome  to  determine  by 
chemical  means,  yet  of  great  importance  in 
many  fields,  yield  most  easily  to  flame  analy- 
sis. Protagonists  of  flame  photometry  can 
have  no  quarrel  with  this  state  of  affairs.  But 
there  are  many  who  believe  that  the  flame 
ought  to  be  much  more  widely  advertised  as 
an  emission  source  for  the  60  or  so  other  ele- 
ments amenable  to  determination  by  flame 
spectrophotometry. 

Valuable  service  in  this  direction  is  being 
rendered  by  Dean's  book,1  which  appeared 
in  July,  1960;  much  of  it  is  devoted  to  a 
critical  discussion  of  the  flame  emission 
characteristics  of  the  elements.  The  book  by 
Herrmann  and  Alkemade,2  scheduled  to  ap- 
pear in  August,  1960,  covers  thoroughly  the 
entire  subject  and  contains  detailed  tables 
of  wavelengths  and  some  70  recordings  of  the 
flame  spectra  of  the  elements.  A  translation 
of  Herrmann's  first  edition,8  to  appear 
shortly,  contains  the  same  material  on  flame 
spectra.  A  recent  review4  presents  many  new 
spectrograms,  condensed  tables  of  flame 
spectra,  and  340  references  emphasizing 
various  recent  highlights  and  the  rarer  ele- 
ments. 

Atomic  absorption  spectroscopy  (absorp- 
tion flame  photometry)  is  an  allied  technique 
which  is  being  rapidly  exploited  at  present. 
It  is  applicable  to  some  of  the  elements  less 
commonly  determined  by  flame  (Al,  Cd,  Co, 
Au,  Pd,  Pt,  Eh,  Ag,  Tl,  Sn,  Zn).  For  reviews 
see  reference  4  and  especially  reference  5; 
also  "Atomic  Absorption  Spectrochemical 
Analysis"  (Malmstadt),  p.  12. 

Regarding  their  determinability  by  emis- 
sion flame  spectrophotometry,  the  chemical 
elements  fall  into  seven  groups: 

(1)  Elements  rather  commonly  determined: 
li,  Na,  K,  Rb,  Cs,  Mg,  Ca,  Sr,  Ba,  Cr,  Mn, 
Fe,  Cu,  B.  The  boundary  between  this  and 
the  next  group  is  vague;  Rb  and  Cs  might 
be  relegated  to  group  (2),  while  Co,  Ni,  Ag, 
Tl,  and  Pb  migfrt  be  included  in  (1). 

(2)  Elements  easily  determined  but  more  or 
less  neglected:  Ra,  Sc,  Y,  La,  Pr,  Nd,  Pm, 
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8m,  Eu,  Gd,  Tb,  Dy,  Ho,  Er,  Tm,  Yb,  Lu, 
Ti,  V,  Co,  Ni,  Ru,  Rh,  Pd,  Ag,  Cd,  Al,  Ga, 
In,  Tl,  Sn,  Pb,  P,  Sb,  Bi.  These  have  a  char- 
acteristic spectrum  with  detection  limit  of  1 
ppm  or  better  with  a  commercial  flame  spec- 
trophotometer.  A  few  elements  with  good 
spectra  (Ge,  As,  Te)  are  in  the  2-5  ppm 
range. 

(3)  Elements  with  distinctive  but  less  sensi- 
tive flame  spectra:  Be,  Mo,  Re,  Pt,  Au,  Zn, 
Hg,  Ge,  N,  As,  Te.  (Detection  limits  2 
ppm  or  over.) 

(4)  Elements  emitting  only  a  continuum 
with  or  without  weak  bands:  Ce,  Th,  U,  Zr, 
Nb,  Os,  Ir,  I.  The  continuum  may,  however, 
be  quite  intense. 

(5)  Elements  of  unknown  flame  spectrum: 
Ac,  Pa,  Np,  Pu,  Hf,  Ta,  W,  Tc,  Si,  Se,  Po. 
(Si  and  Se  have  been  studied,  but  their 
analytical  determinability  is  unknown.) 

(6)  Elements  too  rare  for  flame  analysis: 
Fr,  At,  and  the  trans-plutonium  elements 
Am  through  No.  (But  Am  and  Cm  may  now 
be   sufficiently  available  to  permit  flame 
analysis.) 

(7)  Elements  not  amenable  to  direct  flame 
analysis:  H,  C,  0,  S,  F,  Cl,  Br,  and  the 
noble  gases.  (But  F,  Cl,  and  Br  can  be  de- 
termined by  their  metallic  halide  spectra, 
while  C  is  determinable  in  a  hydrogen  flame 
and  certain  S  compounds  have  characteristic 
flame  spectra.) 

As  for  group  (1),  there  are  a  thousand  pub- 
lications concerning  flame-photometric  de- 
terminations of  sodium  and  potassium,  hun- 
dreds on  calcium,  lithium,  magnesium,  and 
strontium,  and  dozens  on  each  of  the  rest. 
Even  for  rubidium  there  are  about  90  publi- 
cations discussing  its  flame  determination. 
Although  an  element  such  as  magnesium  is 
far  from  being  "usually"  determined  by  the 
flame,  it  can  be  handled  so  expeditiously  by 
the  best  commercial  flame  spectrophotome- 
ters,  and  there  is  such  extensive  literature  in 
this  domain,  that  it  must  be  ranked  as  one 
of  the  elements  commonly  determined  by 
flame  photometry. 


Our  concern  here  is  with  the  much  larger 
number  of  elements  having  strong  and  dis- 
tinctive flame  spectra  which,  nevertheless, 
are  seldom  or  never  determined  by  flame 
photometry.  Ruthenium  is  a  good  example. 
Its  flame  spectrum  comprises  a  very  charac- 
teristic group  of  lines.  With  the  best  commer- 
cial instruments  its  limit  of  detection  is  about 
equal  to  that  of  rubidium,  below  0.1  ppm. 
Flame  spectrograms  are  available  in  Lunde- 
g&rdh's  classic  work  (1929  and  1934),  in  the 
excellent  monograph  by  Mavrodineanu  and 
Boiteux,6  and  in  Dean's  book.1  Yet  there 
appears  to  be  no  record  of  any  one  having 
used  the  flame  for  the  analytical  determina- 
tion of  ruthenium.  This  seems  the  more  sin- 
gular in  view  of  the  difficulties  besetting  the 
analysis  of  the  platinum  metals. 

Although  flame  photometry  normally 
consumes  the  entire  sample,  the  method  can 
be  kept  economical  enough  to  warrant  its 
use  for  scarce  materials.  Several  atomic 
energy  establishments  are  determining  fis- 
sion products  by  flame  photometry.  There 
are  a  dozen  reports  on  the  flame  analysis  of 
uranium  for  impurities  (Li,  Na,  K,  Mg,  Ca, 
Ga,  In,  Tl,  Fe).  A  special  instrument  was 
built  at  Oak  Ridge  National  Laboratory7  for 
the  determination  of  cesium  down  to  the 
parts-per-billion  range.  To  be  sure,  the  com- 
bustion products  must  be  filtered  to  prevent 
dissemination  of  radioactivity.8  A  flame  spec- 
trophotometer  has  been  rigged  for  remote- 
control  operation  inside  a  "hot  cell."9  Among 
the  rarer  elements  listed  above,  it  is  likely 
that  at  least  actinium,  technetium  and  am- 
ericium  will  reveal  such  sensitive  and  dis- 
tinctive flame  spectra  as  to  permit  their  de- 
termination at  low  concentrations.  Some  of 
the  elements  of  group  (6)  are,  however,  hope- 
lessly rare:  no  information  yet  exists  on  the 
optical  spectrum  of  francium,  for  example. 

The  assignment  of  the  elements  to  the 
various  groups  above  depends  intimately  on 
the  analytical  conditions:  choice  of  flame 
and  solvent  (i.e.,  the  chemical  environment) 
and  the  instrumentation.  Table  1  lists  the 
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principal  emissions  of  the  elements  in  four 
different  flames,  and  in  water  or  various 
favorable  organic  solvents,  as  observed  with 
a  widely  used  make  of  flame  spectrophotom- 
eter. 

Burner  and  Atomizer 

The  air-hydrogen,  oxyhydrogen,  and  oxy- 
acetylene  flames  listed  in  Table  1  are  gen- 
erated by  an  atomizer-burner10  that  yields  a 
high  luminous  efficiency ;  some  of  its  charac- 
teristics were  described  recently.11  A  similar 
atomizer-burner  has  been  developed  in  Ger- 
many.12 Another  type  of  atomizer-burner18 
produces  a  larger  flame  offering  better  sensi- 
tivity for  some  elements;  a  similar  type14  is 
utilized  by  Warren15  in  a  flame  spectropho- 
tometer  which  appears  to  be  the  most  sensi- 
tive general-purpose  instrument  yet  built. 
This  high  sensitivity  is  achieved  through  a 
combination  of  burner  design  and  high  dis- 
persion and  luminosity  of  the  large  prism 
monochromator.  An  intermediate  type  of 
atomizer-burner,  operating  on  oxygen  and 
gas,  is  employed  in  a  popular  make  of  filter 
photometer.16  Except  for  this  last,  most 
simple  instruments  intended  for  routine 
work  (sodium,  potassium,  and  sometimes 
calcium)  use  the  older  types  of  burner  with 
separate  atomizer;  atomizer-burners  are  al- 
most universally  used  for  the  more  difficult 
elements.  The  oxycyanogen  flame  listed  in 
Table  1  was  generated  with  a  premising 
burner  having  a  separate  atomizer,17  but  con- 
siderable work  with  oxycyanogen  has  been 
done  with  a  premixing  atomizer-burner.18  A 
similar  premixing  atomizer-burner,  burning 
oxygen-propane,  is  utilized  in  an  interesting 
automatic  flame  photometer  recently  placed 
on  the  market.19  It  may  be  stated  that  cur- 
rent developments  in  burner  design  will  re- 
sult in  simple  atomizer-burners  that  can 
handle  almost  any  combination  of  fuel  and 
oxidant  while  providing  greater  stability  and 
emission  intensity  than  have  been  hitherto 
available  with  such  devices.20 

Closely  associated  with  the  nature  of  the 
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flame  and  burner  is  the  matter  of  sample 
pumping.  With  small  samples  or  scarce  ma- 
terials and  for  optimal  excitation  of  difficult 
elements,  control  of  sample  flow  may  be  very 
critical,  especially  with  oxycyanogen.  Meth- 
ods of  obtaining  readings  from  atomizer- 
burners  with  samples  less  than  0.1  ml,  which 
pass  through  the  flame  very  quickly,  are 
described  by  Warren15  and  by  Exley.21  The 
subject  of  sample  flow  control  is  reviewed 
by  Gilbert.4  See  especially  the  papers  by 
Baker  etal**>** 

Solvent 

The  solvent,  of  course,  constitutes  part  of 
the  flame  and  may  contribute  much  or  con- 
ceivably all  of  the  fuel.  Also,  its  atomizing 
characteristics  and  the  heterogeneous  situa- 
tion prevailing  near  the  evaporating  droplets 
affect  the  nature  and  intensity  of  the  emitted 
spectrum.  It  is  obvious  from  the  Table  that 
the  choice  of  solvent  may  be  all-important  in 
certain  analytical  applications.  This  is  a  large 
subject  with  an  extensive  literature;  for  an 
up-to-date  introduction,  see  the  able  review 
by  Dean.1  The  application  of  liquid-liquid 
extraction  to  flame  photometry  (often  with 
the  help  of  chelating  agents),  pioneered  by 
Dean  and  his  collaborators,  has  been  espe- 
cially fruitful.  A  particularly  interesting  ef- 
fect utilized  in  producing  line  spectra  of  the 
rare  earths  was  described  by  Fassel24:  when 
an  alcoholic  solution  of  a  rare-earth  perchlo- 
rate  is  sprayed  into  an  oxyacetylene  flame, 
the  additional  energy  liberated  by  oxidation 
of  the  carbon-hydrogen  compounds  by  the 
perchlorate  in  the  immediate  vicinity  of  the 
evaporating  droplets  is  sufficient  to  dissoci- 
ate many  of  the  rare  earth  oxides  and  to  ex- 
cite the  resulting  metal  vapors,  yielding  rich 
and  useful  spectra  of  the  elements.  The  effect 
was  reported  for  Sc,  Y,  Sm,  Eu,  Dy,  Ho,  Er, 
Tm,  Yb,  and  Lu,  but  quantitative  data  are 
not  yet  available. 

A  somewhat  similar  effect,  apparently  a 
true  chemiluminescence,  earlier  noted  by 
Lundeg&rdh,  Mandershtam,  Mavrodineanu,6 
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Gaydon,  and  others,  and  elucidated  by  J. 
C.  Steinberg,  was  reported  by  Gilbert.26 
It  occurs  in  the  air-hydrogen  flame  with  an 
alcoholic  solvent  (or  any  other  organic  ma- 
terial in  the  flame).  Elements  that  form  gase- 
ous monoxides  in  the  flame  are  reduced  to 
metallic  vapor  presumably  by  free  atomic 
carbon  formed  in  the  reaction  zone:  MO  + 
C  =  M  +  CO.  Since  CO  has  the  very  high 
dissociation  energy  of  11.1  ev,  the  metal 
atom  M  may  come  away  with  a  greatly  su- 
prathermal  excitation.  Thus,  GeO,  with  a 
dissociation  energy  of  5.5  ev,  can  yield  Ge 
atoms  with  over  5  ev  of  excitation,  sufficing 
to  develop  the  full  arc  spectrum  of  Ge  in  this 
comparatively  cool  flame.  In  the  case  of  tin, 
the  low  dissociation  energy  of  SnO  (3.2  ev) 
permits  the  Sn  to  be  ionized  (ionization  po- 
tential 7.3  ev) ;  both  arc  and  spark  spectra 
of  tin  appear.  As  seen  in  Table  1,  Ge,  Sn, 
Pb,  As,  Sb,  Bi,  and  Te  show  this  chemilumi- 
nescence  useful.  Some  of  these  elements 
would  not  otherwise  be  readily  amenable  to 
flame  analysis.  The  excitation  does  not  occur 
with  P,  for  the  dissociation  energy  of  PO 
(6.2  ev)  and  the  excitation  energy  of  its  ultra- 
violet lines  (7.1  ev)  add  up  to  more  than  11 
ev.  However,  the  PO  band  spectrum  is 
strongly  emitted  in  the  air-hydrogen-alcohol 
flame.  Many  elements  remain  to  be  studied 
in  this  source. 

Spectrophotometry 

The  data  in  Table  1,  although  representing 
the  capabilities  of  a  particular  American 
make  of  flame  spectrophotometer,  would  be 
almost  equally  valid  for  the  flame  spectro- 
photometers  with  atomizer-burners  that  are 
now  manufactured  in  England,  Germany, 
and  Japan.  There  are  indications  that  instru- 
ments appreciably  superior  to  those  now 
made  will  before  long  appear  on  the  mar- 
ket. The  improvements  will  necessarily  ap- 
ply to  the  three  factors  that  chiefly  control 
the  sensitivity  of  an  emission  spectrophotom- 
eter: the  quantum  efficiency /dark  current 
ratio  of  the  photocathode,  the  dispersion, 


and  the  light-gathering  power  (luminosity) 
of  the  monochromator.  The  long-term  sta- 
bility of  the  source  (limiting  the  time  con- 
stant that  can  profitably  be  applied)  enters 
in  too.  The  relationships  existing  between 
the  figure  of  merit  (measure  of  sensitivity) 
of  an  emission  spectrophotometer  and  the 
factors  controlling  it  have  not  yet  been  fully 
expounded  in  any  published  work;  but  see 
Herrmann.2  As  a  rough  generalization,  the 
sensitivity  as  measured  by  the  detection 
limit  of  an  element  in  the  flame  improves 
about  as  rapidly  as  the  square  root  of  the 
product  of  photocathode  sensitivity,  disper- 
sion, luminosity,  and  source  stability.  There- 
fore significant  improvement  in  flame  spec- 
trophotometers  is  likely  to  entail  a  decided 
increase  in  cost. 

One  area  in  which  immediate  improve- 
ment can  be  realized  is  in  the  red  end  of  the 
spectrum.  The  RCA  1P28  photomultiplier, 
used  over  the  range  200  to  650  or  700  my  in 
most  studies  of  the  flame  spectra  of  the  less 
familiar  elements,  already  enjoys  such  high 
quantum  efficiency  (and  low  dark  current) 
up  to  about  600  m/i  that  its  performance  is 
not  far  from  the  limit  imposed  by  the  cor- 
puscular nature  of  ligjit.  But  beyond  600  and 
especially  beyond  700  mjn  there  is  much  room 
for  improvement*  Within  the  last  year  or 
two  an  impressive  assortment  of  red-sensi- 
tive photomultipliers  has  appeared  on  the 
market.  The  topic  is  reviewed  in  reference  4, 
but  several  new  photomultiplier  tubes  have 
appeared. 

Intensity  and  Detection  Limit 

Of  the  many  ways  in  which  spectral  inten- 
sities can  be  and  have  been  expressed,  the 
one  chosen  for  Table  1  is  believed  to  be  es- 
pecially practical  for  flame  photometry,  even 
though  an  emission  cannot  be  fully  described 
with  a  single  number.  The  intensities  are 
computed  for  the  Beckman  DU  spectro- 
photometer with  flame  and  photomultiplier 
attachments;  the  intensity  J  =  100  (R  — 
B)/B,  where  B  is  the  blank  reading  (pure 
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solvent)  and  R  is  the  reading  for  a  solution 
containing  10  mg  of  the  element  per  liter 
for  the  slit  width  at  which,  for  the  blank, 
shot-effect  noise  equals  flame  flicker.  Be- 
yond 700  m/i  intensities  are  computed  for  a 
Farnsworth  16PMI  photomultiplier.  Be- 
tween 620  and  700  m/i  the  usual  1P28  pho- 
tomultiplier will  give  the  intensities  listed, 
but  the  16PMI  will  permit  narrower  slits. 
The  slit  width  implied  in  this  definition 
ranges  from  0.01  mm  for  oxycyanogen  and 
some  regions  of  the  oxyacetylene  spectrum 
to  0.5  mm  or  more  for  air-hydrogen;  it  varies 
inversely  as  the  square  root  of  the  absolute 
blank  intensity. 

The  quantity  10/J  then  gives  the  detec- 
tion limit,  defined  as  the  Tmrnnml  concentra- 
tion of  element  in  mg/liter  (in  a  solution  con- 
taining no  interfering  materials)  yielding  a 
net  signal  equal  to  total  peak-to-peak  noise 
for  a  time  constant  of  1  second.  Beyond  700 
m/u,  for  the  red-sensitive  phototube  of  the 
DU  (where  shot  noise  is  not  the  limiting  fac- 
tor), the  detection  limit  for  lines  is  about 
300/J  instead  of  10/J;  for  bands  it  will  vary- 
between  these  values,  depending  on  wave- 
length, flame,  and  width  of  the  band.  This 
type  of  definition  is  a  realistic  one  for  lines 
and  sharp  bands,  and  is  favored  by  Alke- 
made,  who,  in  his  thesis,28  gives  a  very  care- 
ful analysis  of  the  fundamentals  of  flame 
photometry.  It  is  a  fortunate  fact  that  in 
working  with  line  spectra  at  concentrations 
close  to  the  detection  limit,  much  narrower 
slits  (seldom  over  0.05  mm)  can  often  be 
used  than  those  implied  by  the  definition, 
without  loss  of  effective  sensitivity.  (The 
greater  relative  noise  is  compensated  by 
greater  line/background  ratio.) 

Interferences 

This  large  subject  is  best  covered  by  Herr- 
mann and  Alkemade.2  Dean1  gives  the  most 
extensive  tables  of  inter-element  interfer- 
ences. Both  works  should  be  consulted.  See 
also  reference  4  for  a  review  of  condensed- 
phase  interference  and  the  use  of  releasing 
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agents  and  protective  chelating  agents  for 
circumventing  it.  These  two  methods  have 
rapidly  increased  in  use  in  1960.  Likewise, 
self-standardization  (standard  addition)  is 
becoming  popular  as  a  means  of  avoiding 
many  kinds  of  interference  in  flame  pho- 
tometry; Teloh's  book27  gives  practical 
methods.  To  define  these  terms  briefly:  In- 
terference, roughly,  includes  any  effect 
which  alters  the  emission  or  disturbs  the 
determination  of  an  element.  In  condensed- 
phase  interference  a  compound  of  the  ele- 
ment sought,  crystallizing  out  of  the  evapo- 
rating droplets,  is  not  fully  vaporized  on 
passing  through  the  flame;  one  of  the  most 
familiar  instances  is  the  quenching  of  cal- 
cium emission  by  phosphate,  owing  to  the 
low  volatility  of  calcium  phosphate.  A  re- 
leasing agent  preferentially  combines  with 
the  interferent,  leaving  the  element  sought 
free  to  vaporize  in  the  flame;  thus,  lantha- 
num releases  calcium  from  phosphate  inter- 
ference. In  protective  chelation,  the  element 
sought  is  complexed  to  prevent  it  from  com- 
bining with  the  interferent;  e.g.,  EDTA,  by 
chelating  the  calcium,  prevents  the  forma- 
tion of  calcium  phosphate  crystals  in  the 
flame,  although,  of  course,  the  chelate  is 
promptly  decomposed  by  the  heat.  In  self- 
standardization,  a  known  concentration  of 
the  element  sought  is  added  to  the  unknown 
sample,  and  the  emission  is  measured  before 
and  after  the  addition.  Spectral  interference, 
discussed  below,  results  from  proximity  or 
superposition  of  wavelengths  of  emissions  of 
different  elements. 

The  flame  spectra  of  many  of  the  less 
familiar  elements  are  complex;  in  a  mixture 
there  may  be  many  cases  of  spectral  overlap. 
Wavelength  tables  as  given  in  references  2, 
6,  28  indicate  possibilities  of  spectral  inter- 
ference of  lines,  but  with  bands  it  is  difficult 
to  anticipate  this,  owing  to  their  various 
widths  and  structures.  Here  a  set  of  spectro- 
grams will  be  very  helpful.  The  best  collec- 
tions are  in  references  1,  2,  3,  4,  17,  24,  29, 
30;  note,  particularly,  the  table  of  spectral 
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interferences  among  the  rare  earths  in  ref- 
erence 30.  In  working  with  an  element  close 
to  its  detection  limit  in  a  mixture,  the  iden- 
tity and  presence  of  a  chosen  line  can  gen- 
erally be  established  by  taking  readings  on 
and  off  (but  close  to)  the  line;  with  bands 
this  is  less  practical  unless  the  band  is  nar- 
row or  has  a  head.  Fortunately  many  of  the 
bands  useful  in  flame  photometry  do  have 
heads,  being  degraded  to  longer  wavelengths, 
and  a  reading  off  the  peak  can  be  made  just 
to  the  violet  side  of  the  head.  But  with  dif- 
fuse bands  like  those  of  ytterbium  this  tech- 
nique yields  dubious  results  unless  other  ele- 
ments likely  to  interfere  spectrally  are  known 
to  be  absent;  if  they  are  not,  a  concentration 
perhaps  several  times  the  detection  limit  for 
pure  solutions  is  needed  for  positive  detec- 
tion. The  same  is  true  if  the  bands  of  the 
element  protrude  only  moderately  above  its 
continuum,  as  with  vanadium  in  the  cooler 
flames.  A  purely  continuous  emission,  as  of 
Nb,  Mo,  or  TJ,  can  permit  accurate  (and 
sensitve)  flame-photometric  determination 
only  when  the  sample  composition  is  under 
rigid  control,  so  that  the  difference  between 
the  sample  and  blank  readings  can  be  as- 
cribed unequivocally  to  the  element  sought. 

Indirect  Methods 

There  are  three  general  kinds  of  indirect 
determination:  (1)  The  element  sought  forms 
an  emitting  molecule  with  a  deliberately 
added  material.  (2)  The  element  sought  does 
not  emit,  but  exercises  a  measurable  inter- 
ference on  a  deliberately  added,  emitting 
element.  (3)  The  element  sought  is  precipi- 
tated by  an  excess  of  an  emitting  element, 
which  is  then  determined  in  the  precipitate 
or  the  filtrate.  These  methods  are,  on  the 
whole,  of  increasing  sensitivity  in  the  order 
named.  For  reviews,  see  Chap.  20  of  refer- 
ence 1  and  also  reference  4.  Examples  of  the 
first  method  include  the  determination  of 
chlorine  by  addition  of  copper  and  measure- 
ment of  the  CuCl  band  at  436  m/*81;  of 
fluorine  by  addition  of  an  alkaline  earth  and 


the  bands  529  mju  of  CaF,  578  m^  of  SrF,  or 
495  mji  of  BaF;  of  carbon  by  the  Cg  and 
CH  bands  appearing  in  a  hydrogen  flame; 
and  of  nitrogen  by  the  CN  bands  appearing 
in  a  carbonaceous  flame.  (These  latter  two 
are  really  direct  methods.)  The  detection 
limit  in  these  cases  is  usually  above  100  ppm. 

Flame-photometric  titration  belongs  to 
the  second  method  (utilizing  interference): 
for  instance,  a  phosphate  solution  is  titrated 
with  barium,  readings  being  taken  on  the 
barium  emission;  a  break-point  occurs,  cor- 
responding to  the  point  at  which  barium 
phosphate  is  fully  formed,  yielding  the  con- 
centration of  phosphate.  Other  examples 
of  the  second  method  include  the  determina- 
tion of  sulfate,  phosphate,  molybdate,  tung- 
state,  arsenate,  vanadate,  zirconate,  beryl- 
lium, and  aluminum  by  their  quenching  of 
calcium  and  strontium82;  and  of  zirconium 
via  strontium  or  barium.88  Examples  of  the 
third  method  are  the  determination  of  hal- 
ides  (separately  by  masking  with  ammonia) 
by  precipitation  with  excess  silver;  of  boron 
by  precipitation  of  barium  borotartrate  and 
determination  of  the  excess  barium84;  of  bi- 
carbonate by  determining  the  barium  in  the 
precipitated  barium  carbonate85;  of  sulfate 
via  excess  barium  and  determination  of  the 
barium  either  in  the  filtrate1  or  in  the  pre- 
cipitate slurried  with  a  starch  solution.86 

The  elements  mentioned  above  can  some- 
times be  better  determined  by  direct  meth- 
ods. Aluminum  emits  a  very  good  spectrum 
in  organic  solvents.1  Beryllium  has  a  charac- 
teristic but  (in  aqueous  solution)  not  very 
sensitive  band  spectrum,  while  in  oxycyano- 
gen  its  resonance  line  is  strong.  Zirconium 
has  a  weak  band  spectrum  on  a  continuum. 
Phosphorus  should  be  easily  determinable 
by  its  sharp  band  spectrum  in  the  deep  ul- 
traviolet in  air-hydrogen  with  alcohol.  It  has 
also  been  determined  by  its  continuum  in 
the  visible.87  Arsenic  has  a  good  line  spec- 
trum in  the  air-hydrogen-alcohol  source. 
Vanadium  has  a  sensitive  band  spectrum 
with  sharp  heads,  but  the  continuum  is 
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strong.  Molybdenum  emits  lines  in  the  inner 
cone  of  air-acetylene6  and  in  oxyhydrogen 
with  organic  solvents,  but  the  conditions 
seem  very  critical.  Vanadium  and  molyb- 
denum emit  good  spectra  in  oxycyanogen.4 
Nothing  seems  to  be  known  of  the  flame 
spectrum  of  tungsten. 

Flame  Spectra  of  the  Less  Familiar  Ele- 
ments 

Some  comments  on  the  less  commonly  de- 
termined elements  appear  below,  arranged 
according  to  the  periodic  table. 

Beryllium  has  a  band  spectrum  (due  to 
BeO)  rather  like  that  of  aluminum;  see 
above.  A  study  of  this  element  in  organic 
solvents  might  (as  proved  to  be  the  case 
with  aluminum)  be  very  rewarding. 

Radium  has  a  typical  alkaline-earth  spec- 
trum due  to  Ra,  Ha* ,  and  probably  RaO  and 
RaOH;  it  closely  resembles  that  of  stron- 
tium. However,  the  wavelength  data  for  the 
bands  are  over  50  years  old,  and  there  are 
no  modern  studies  of  them,  nor  any  intensity 
data. 

Rare  Earths:  See  especially  references  1 
and  30;  spectrograms  of  lanthanum,  cerium, 
and  ytterbium,  along  with  an  up-to-date  re- 
view, appear  in  reference  4.  Scandium,  yt- 
trium, and  lanthanum  have  the  most  intense 
spectra,  consisting  of  sharp,  closely  spaced 
oxide  bands;  those  of  ScO  and  YO  in  the 
orange  require  high  resolution  for  satisfac- 
tory analysis  in  mixtures.  The  bands  of  gado- 
linium, dysprosium,  and  lutetium,  also  due 
to  the  monoxides,  are  sharp  and  characteris- 
tic but  less  intense.  Terbium  and  holmium 
have  equally  strong  if  rather  more  complex 
flame  spectra,  while  those  of  erbium  and 
thulium  are  only  slightly  weaker.  Of  the 
lanthanides  with  quadrivalent  tendencies, 
cerium  resembles  zirconium  in  emitting  weak 
bands  (of  CeO)  on  a  stronger  continuum. 
Praseodymium  is  similar,  but  its  bands  are 
more  prominent  and  very  numerous  and 
complex.  Terbium  also  shows  the  continuum 
but  its  bands  are  still  more  pronounced.  On 
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the  other  hand,  europium  and  ytterbium, 
tending  to  bivalence,  emit  flame  spectra 
much  more  like  those  of  the  alkaline  earths: 
europium  resembles  strontium,  and  ytter- 
bium resembles  barium.  It  is  suggested  that 
their  diffuse  bands  in  the  red  and  green,  re- 
spectively, are  due  to  EuOH  and  YbOH. 
Also  the  resonance  lines  of  the  neutral  and 
ionized  atoms  Eu,  Eu+,  Yb,  Yb+  are  promi- 
nent. Samarium  and  thulium,  less  markedly 
bivalent,  also  emit  (relatively  weak)  lines. 
Even  dysprosium  emits  very  weak  lines  in 
the  conventional  flames.  (Regarding  the 
rich  line  spectra  emitted  in  oxyacetylene 
with  alcoholic  perchlorate  solutions,  see  Sol- 
vent, p.  348)  Neodymium  and  samarium 
have  complex  but  distinctive  band  systems 
in  the  red.  Promethium  has  not  been  studied, 
but  we  can  guess  at  the  general  shape  of  its 
spectrum.  Despite  the  severe  spectral  inter- 
ferences, Pinta88  has  demonstrated  the  de- 
termination of  practically  all  the  rare  earths 
in  mixtures  during  separation  processes,  and 
there  is  a  modest  assortment  of  recent  pa- 
pers dealing  with  flame  analysis  for  the  rare 
earths. 

Actinides:  There  is  no  information  on 
these,  except  for  observations  that  thorium 
and  uranium  emit  continua  in  the  usual 
flames.  Their  oxides  are  so  stable  that  higher 
temperatures  would  be  required  for  adequate 
volatilization  and  excitation.  Recall,  how- 
ever, the  earlier  remarks  regarding  actinium 
and  americium. 

Titanium,  Zirconium,  Hafnium:  Like  va- 
nadium, titanium  emits  bands  with  sharp 
heads  but  superposed  on  a  strong  continuum. 
The  zirconium  bands  are  weaker.  On  zirco- 
nium, (see  Indirect  Methods,  p.  357).  The  prac- 
tical determination  of  these  elements  does 
not  seem  to  have  been  carried  out  by  flame 
photometry,  although  the  sensitivity  for  ti- 
tanium is  good.  There  appears  to  be  a  recent 
Polish  study  of  the  flame  emission  of  tita- 
nium.89 Absorption  flame  photometry  is  un- 
suitable, owing  to  the  stability  of  the  oxides. 
The  spark-in-flame  method4'  <°  offers  satis- 
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factory  line  emission  for  Ti  and  Zr.  R.  Curry 
of  Iowa  State  University  promises  a  study 
of  Zr  and  Hf  in  the  usual  flames,  while  J. 
W.  Robinson  of  Esso  Standard  Oil  Co., 
Baton  Rouge,  has  observed  the  oxycyanogen 
flame  spectra  of  Ti  and  Zr,  but  no  data  are 
in  print. 

Vanadium:  See  above.  Vanadate  has  been 
determined  indirectly  by  its  quenching  of 
calcium41;  but  its  direct  determination  in  the 
flame  has  not  been  reported,  although  it 
seems  to  have  been  partly  successful  in  the 
petroleum  industry.  Spectra  in  oxyhydrogen, 
oxyacetylene,  and  oxycyanogen  are  shown 
in  references  1  and  4.  The  spark-in-flame 
gives  good  excitation.  The  near  infrared 
bands  of  VO  deserve  closer  study. 

Niobium,  Tantalum,  Molybdenum,  Tung- 
sten: See  above  regarding  molybdenum. 
Niobium  emits  only  a  continuum  in  the  usual 
flames.  Tantalum  and  tungsten  probably  do 
likewise,  owing  to  their  very  low  vapor  pres- 
sures. 

Technetium  and  Rhenium  quite  possibly 
have  good  flame  spectra  under  the  proper 
conditions;  they  certainly  deserve  investiga- 
tion. The  observations  on  rhenium  listed  in 
the  Table  are  30  years  old.  Lundeg&rdh 
found  no  emission  from  Re  at  2000  ppm  in 
his  air-acetylene  flame. 

Platinum  Metals:  Like  iron,  cobalt,  and 
nickel  (see  references  2  and  3  for  spectro- 
grams of  these,  and  reference  1  for  discus- 
sion), ruthenium,  rhodium,  and  palladium 
emit  sensitive,  rather  complex  line  spectra, 
chiefly  in  the  ultraviolet,  admirably  suited 
for  flame  analysis.  However,  there  seems  to 
be  only  one  reported  instance  of  the  use  of 
the  flame  for  a  practical  determination  of 
any  of  these  elements,  viz.,  palladium.42  The 
application  of  the  flame  to  Ru,  Rh,  and  Pd 
is  to  be  strongly  urged.  Partial  spectra  for 
Ru  and  Pd  are  shown  by  Dean,1  and  Gilbert25 
has  examined  Rh  in  various  flames.  Photo- 
graphic spectrograms  have  been  published 
by  Lundegirdh  and  by  Mavrodineanu.6  Rh 
and  Pd  can  be  determined  by  atomic  absorp- 


tion.4 A  critical  evaluation  of  the  flame  spec- 
tra shows  30  lines  for  Ru,  about  70  for  Rh, 
and  25  for  Pd.  The  best  analytical  lines  in 
mixtures  of  the  iron  and  platinum  metals  are 
379.9  m/i  for  Ru,  369.2  m/t  for  Rh,  and  363.5 
mju  for  Pd.  Osmium  and  iridium  are  stated1 
to  emit  no  flame  lines  even  in  organic  sol- 
vents. These  being  the  least  volatile  of  the 
platinum  metals,  it  seems  likely  that  the 
flame  would  become  saturated  with  vapor 
at  rather  low  concentrations;  yet  ruthenium 
seems  capable  of  attaining  a  considerable  de- 
gree of  supersaturation.  Platinum  emits  only 
two  relatively  weak  lines,  not  yet  used  for 
analysis. 

Silver  and  Gold  emit  only  the  resonance 
doublets  in  hot  flames.  Gold  emits  bands  in 
cool  flames,  coloring  the  Bunsen  flame  green, 
but  there  seems  to  be  no  recent  data  on  wave- 
lengths or  emitting  species.  The  intensities 
listed  in  the  Table  for  Au  (and  also  for  Pt) 
were  derived  theoretically.  Silver  has  been 
repeatedly  studied1  and  flame  analysis  has 
been  resorted  to  several  times.  Warren16 
was  able  to  push  the  detection  limit  be- 
low 0.02  ppm  in  aqueous  solutions  with 
his  instrument.  Ag  and  Au  are  detenninable 
by  flame  absorption. 

Zinc:  In  common  with  Mg,  Cd,  and  Hg, 
zinc  emits  a  resonance  intercombination  line 
(at  307.6  mji),  the  intensity  of  which  scarcely 
increases  as  the  flame  temperature  is  raised. 
Hence  these  lines  are  best  observed  in  the 
air-hydrogen  flame  with  its  very  weak  back- 
ground emission.  Unfortunately  the  Zn  line 
lies  among  strong  OH  bands;  otherwise  it 
would  be  analytically  useful.  The  resonance 
line  proper  (213.9  m/*),  behaving  normally, 
offers  the  best  sensitivity  in  oxycyanogen. 
It  is  also  exceptionally  sensitive  in  absorp- 
tion.48 The  blue  line  at  481.0  mp,  sometimes 
appearing  in  the  reaction  zone,  seems  to 
have  been  used  long  ago  for  practical  analy- 
sis. However,  at  present  no  emission  method 
for  Zn  can  compete  with  flame  absorption. 

Cadmium:  See  reference  1  for  a  discussion. 
The  intercombination  line  (326.1  m/*)  in  air- 
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hydrogen  is  best  for  analysis.  Certain  visible 
flame  emissions  were  used  for  analysis  in  the 
past.  Cadmium  could  be  determined  by  ab- 
sorption, in  oxycyanogen,  or  by  spark-in- 
flame.40 

Mercury:  The  intercombination  line  (253.7 
mp)  is  not  strong  in  flames  and  has  not  been 
used.  Mercury  is  commonly  determined  at 
this  wavelength  by  atomic  absorption,  for 
which,  however,  no  flame  is  required,  as  the 
metal  is  sufficiently  volatile  and  inert  at  or- 
dinary temperatures. 

Aluminum:  Thanks  to  recent  investiga- 
tions1* «•  45, 46, 47  fj^  flame  determination  of 
Al  is  now  on  a  sound  basis,  with  good  sensi- 
tivity. See  reference  4  for  a  spectrogram. 
Various  additives  are  used  for  enhancing  the 
otherwise  weak  spectrum. 

Odttium,  Indium,  Thallium:  With  their 
simple,  strong  flame  spectra,  these  elements 
are  admirably  suited  for  flame  analysis.  Still, 
the  literature  is  scanty.  Dean1  reviews  the 
chief  contributions.  See  reference  4  for  a 
spectrogram  of  In,  showing  the  weak  bands 
of  InO.  There  are  some  very  recent  reports 
on  the  practical  flame  determination  of  these 
three  metals,48*49  and  Lagos50  determined 
them  in  uranium.  Bulewicz  and  Sugden51 
made  a  valuable  study  of  the  equilibria  be- 
tween Ga,  In,  Tl  and  their  hydroxides,  ox- 
ides, and  hydrides  in  the  flame. 

Silicon:  The  spectrum  of  SiO  can  be  ex- 
cited in  the  flame,  but  there  are  no  studies 
of  the  analytical  flame  photometry  of  this 
element,  nor  is  it  detectable  by  absorption. 

Germanium:  The  chemiluminescent  spec- 
trum (see  Solvent,  p.  348)  is  excited  in  air- 
hydrogen  with  alcoholic  solvent,  the  detec- 
tion limit  being  5  ppm.25  The  high  specificity 
recommends  the  flame  for  Ge,  despite  the 
moderate  sensitivity. 

Tin:  The  resonance  lines  and  the  complex 
band  spectrum  of  SnO  (see  references  4  and 
6  for  spectrograms)  are  rather  weak  in  the 
usual  flames.  Oxycyanogen  excites  the  lines 
well.17  But  the  most  convenient  source  is  the 
air-hydrogen-alcohol  combination  discussed 
above.  Lead  is  now  commonly  determined  in 
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gasoline  (see  article  on  "Petroleum  Industry 
Applications,  p.  365")-  For  reviews,  see  ref- 
erences 1  and  4. 

Nitrogen,  Phosphorus,  Arsenic,  Antimony, 
Bismuth:  Refer  to  the  earlier  remarks  on  N, 
P,  As.  Air-hydrogen  with  alcohol  provides  by 
far  the  best  flame  emission  source  for  As,  Sb, 
and  Bi.  See  also  the  spectrograms  of  Bi  in 
reference  4.  The  best  detection  limits  are 
about  1  ppm  for  P  at  246.4  m/t,  2  ppm  for 
As  at  235.0  m/i,  0.5  ppm  for  Sb  at  231.1 
m/*,  and  1  ppm  for  Bi  at  223.0  mju. 

Sulfur,  Selenium,  Tetturium,  Polonium: 
Several  good  indirect  methods  have  been 
used  for  sulfate  (see  above).  Durie62  pointed 
out  that  fluorine  flames  are  very  sensitive 
to  sulfur;  bands  of  82  appear  in  fluorine- 
hydrogen  and  bands  of  CS  in  fluorine-hydro- 
carbon flames.  These,  however,  are  not  yet 
practical.1' 4  Selenite  and  tellurite  might  be 
determined  by  their  quenching  effect  on 
calcium.89  Although  flame  spectra  of  sele- 
nium (Se2 ,  SeO)  are  known,  no  work  on  its 
analytical  flame  photometry  has  been  re- 
ported. On  the  other  hand,  the  arc  spectrum 
of  Te  is  emitted  in  air-hydrogen  with  alco- 
hol25; the  intensity  has  not  been  measured 
but  should  be  usefully  high.  The  extensive 
band  spectrum  of  TeO  is  best  seen  in  air- 
hydrogen  with  aqueous  solutions.28  The 
wavelengths  and  emitting  species  have  only 
recently  been  reported.58  Polonium  has  not 
been  studied  in  the  flame;  it  would  probably 
emit  a  good  chemiluminescent  spectrum. 

Halogens:  See  remarks  under  Indirect  Meth- 
ods, p.  357.  Apparently  only  iodine  emits 
flame  bands  useful  for  direct  analysis.  For  a 
very  recent  study,  see  reference  54.  The  data 
in  Table  1  are  estimated  from  the  results  of 
Ohyagi55;  the  10  bands  are  emitted  only 
from  an  aqueous  iodate  solution.  Quite  prob- 
ably astatine  would  show  an  interesting 
flame  spectrum,  but  it  is  too  short-lived  for 
flame  determination. 
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PATJL  T.  GILBERT,  JR. 

NEUTRON  ACTIVATION  PRODUCTS 
ESTIMATION:  BORON-10  BURNUP* 

To  test  the  effect  of  neutron  bombardment 
on  burnable  poison  and  control  rod  materials 
such  as  alloys  of  zirconium-boron-10,  Zirca- 
loy-boron-10,  and  steel-boron-10,  accurate 
burnup  values  were  required.  As  the  neutron 
flux  values  were  not  known  with  sufficient 
accuracy  to  permit  calculation  of  boron-10 
burnup,  an  empirical  determination  became 
necessary. 

Several  methods  of  determination  based 
on  the  boron-10  (n,  «)  lithium-7  reaction 
were  possible.  For  example,  mass  spectro- 
metric  determination  of  the  boron-11-boron- 
10  ratios  before  and  after  irradiation  was  used 
as  a  measure  of  boron-10  burnup.  A  second 
method  involved  the  vacuum  fusion  of  the 
sample  with  the  consequent  evolution  of  the 
helium  produced  by  the  n,  a  reaction.  The 
composition  of  evolved  gases  was  determined 
by  mass  spectrometric  analysis.  A  third  ap- 
proach depended  on  the  estimation  of  the 
actual  lithium  produced. 

The  determination  of  boron-10  burnup  in 
boron  carbide  has  been  made  by  each  of  the 
methods  described. 

The  data  indicate  that  compatible  results 

*  Abridgement  of  paper  in  Anal.  Chem.,  30, 
2006  (1958);  per  permission. 
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were  obtained  by  each  of  the  methods.  The 
last  method,  lithium  determination,  was 
chosen  because  it  appeared  most  readily 
adaptable  to  the  highly  radioactive  samples 
being  considered. 

The  use  of  flame  photometry  for  the  de- 
termination of  lithium  in  a  variety  of  mate- 
rials is  well  established.2  • 4  Direct  determina- 
tion of  lithium  in  the  solution  of  the  dissolved 
alloys  by  this  technique  was  considered. 
However,  it  was  impractical  to  install  a  re- 
motely operated  flame  photometer.  It  was 
necessary,  therefore,  to  reduce  the  radioac- 
tivity to  safe  handling  levels  prior  to  the 
"cold  lab"  lithium  determination.  For  this 
purpose,  a  single  precipitation  of  the  hy- 
drolyzable  metal  ions— i.e.,  iron,  zirconium, 
etc. — by  ammonia  proved  satisfactory  in 
scavenging  the  radioactive  species. 

The  experimental  results  show  that  the 
supernatant  solutions,  after  the  precipita- 
tion, contain  the  lithium  being  sought  and, 
in  addition,  are  sufficiently  low  in  activity 
to  permit  routine  handling.  The  precipita- 
tion step  by  the  remote  operation  is  simple. 
Filtration  is  unnecessary  because  an  aliquot 
may  be  taken  from  the  supernatant  solution 
without  prior  removal  of  the  precipitate. 

Flame  Photometric  Reference  Curve. 
Interferences  to  flame  photometric  analysis 
arise  from  the  excess  ammonia  and  the  am- 
monium salts  of  the  dissolution  acids  present 
in  the  supernatant  solutions  from  the  precip- 
itation. In  addition,  interferences  may  be 
expected  from  materials  not  removed  by  the 
precipitation,  and,  to  a  minor  extent,  from 
reagent  impurities.  There  is  the  additional 
consideration  of  lithium  impurity  in  the  al- 
loys being  studied  and  in  the  reagents.  No 
attempt  was  made  to  evaluate  the  extent  of 
interference  of  each  of  the  possible  factors. 
Instead,  both  the  interference  and  the  blank 
problems  were  solved  by  the  preparation  of 
a  separate  reference  curve  to  correspond  to 
each  alloy  tested.  This  was  done  by  treating 
samples  of  the  unirradiated,  but  otherwise 
representative,  metals  through  step  4,  the 
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settling  of  the  gel.  Aliquots  of  the  supernate 
were  removed  and  lithium  nitrate  was  added 
to  them  to  give  lithium  concentrations,  after 
dilution,  of  0,  2,  4,  6,  8,  and  10  p.p.m.  The 
volume  of  aliquot  chosen  was  such  as  to  give 
a  concentration  of  supernatant  constituents 
in  these  standard  solutions  identical  to  that 
obtained  for  a  given  size  of  actual  sample. 

The  photometric  gain  settings  were  ad- 
justed to  give  galvanometer  readings  of  0  for 
the  0-p.p.m.  and  100  for  the  10-p.p.m.  stand- 
ard.8 Galvanometer  readings  for  2-,  4-,  6-, 
and  8-p.p.m.  standards  were  then  obtained. 
The  readings  were  plotted  against  lithium 
concentration  to  give  the  reference  curve, 
which,  when  obtained  in  this  fashion,  will 
compensate  for  both  the  interferences  and 
lithium  blanks  to  be  encountered  in  an  ir- 
radiated sample. 

Efficiency  of  Lithium -Hydrous  Oxide 
Separation.  The  ammonia  precipitation 
produced  a  voluminous  gel  which  could  have 
occluded  the  lithium.  The  results,  however, 
indicate  a  clean-cut  separation  of  the  lithium 
from  the  hydrous  oxides  and  give  the  over- 
all accuracy  of  the  method.  The  results  were 
obtained  by  adding  a  solution  of  lithium 
nitrate  to  tabs  of  the  various  metals  under 
consideration.  The  metal  tabs  were  dissolved 
and  the  lithium  was  analyzed  as  described 
under  procedure.  The  concentrations  of 
lithium  relative  to  sample  size  were  chosen 
to  cover  the  expected  ranges  of  boron-10 
concentration  (0.2  to  1.5%)  and  burnup 
ranges  (30  to  100%)  expected  for  the  radio- 
active samples. 

The  accuracy  of  the  complete  procedure 
could  not  be  established,  as  no  irradiated 
samples  of  accurately  known  burnup  were 
available.  Although  the  neutron  fluxes  main- 
tained  during  the  radiation  period  were  not 
known  exactly,  an  approximate  burnup 
value  could  be  calculated  for  the  samples 
submitted  for  lithium  analysis.  These  cal- 
culated values  along  with  the  values  obtained 
experimentally  are  shown  in  Table  1.  The 
compatibility  of  the  two  sets  of  results  in- 


TABLB  1.  COMPARISON  OP  CALCULATED  AND 

EXPERIMENTAL  BURNUP  VALUES  FOR 

BURNABLE  POISON  ELEMENTS 


Burnup,  % 

Sample 

Exptl. 

Calcd. 

(Li 

analysis) 

Zirconium-B-10 

44 

33.8 

52 

47.7 

Stainless  steel-B-10 

99 

100.0 

98 

99.0 

Zircaloy-B-10 

70 

78.6 

65 

72.0 

dicates  that  no  gross  errors  are  included  in 
the  experimental  procedures. 

Effect  of  Boron  on  Lithium  Flame.  A 
standard  lithium  curve  was  prepared  with  a 
sample  devoid  of  its  hydrolyzable  ions,  cor- 
rected for  all  interferences  except  boron. 

Because  of  the  burnup  process,  the  boron 
concentration  in  a  sample  may  decrease 
from  2%  in  an  unirradiated  sample  to  0% 
in  a  completely  burned-up  sample.  Although 
the  Tnafrn  boron  flame  emission  at  648  m/i 
would  not  be  expected  to  interfere  with 
lithium  at  671  m/i,  the  effect  of  boron  was 
nevertheless  checked.  A  known  amount  of 
lithium  nitrate  was  added  to  the  appropriate 
sample  of  zirconium  containing  0,  0.5,  and 
1.5%  of  boron-10.  After  the  procedure  was 
carried  out  as  described,  the  galvanometer 
readings  were  referred  to  a  standard  curve 
obtained  with  a  zirconium  sample  containing 
2%  of  boron. 

The  results  indicate  that  boron  in  the  con- 
centrations encountered  does  not  affect  the 
flame  photometric  determination  of  lithium 
within  the  experimental  error  (±5  %  relative 
standard  deviation). 

Accuracy 

The  accuracy  of  the  burnup  determination 
is  probably  somewhat  below  that  indicated 
by  the  results  shown  for  the  lithium  recov- 
ery, as  the  burnup  value  includes  errors  that 
may  occur  in  the  remote-controlled  opera- 
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tions  as  well  as  in  the  estimation  of  the  boron 
present  in  the  unirradiated  sample.  It  is  felt, 
however,  that  these  errors  are  not  of  great 
significance  and  the  over-all  accuracy  of  the 
procedure  is  on  the  order  of  5  %. 

Calculations 

The  calculations  can  be  summarized  by 
means  of  the  formula: 


%  burnup 


where 


a  X  b  X  200  X  10/7  X  10/c 


a  —  lithium  in  7/ml.  obtained  by  referring 
galvanometer  readings  to  the 
standard  curve 

b  =  dilution  factor.  Correction  for  any 
dilutions,  exclusive  of  the  original 
one  to  200  ml.,  necessary  to  bring 
the  lithium  concentration  to  the 
proper  range 

c  =  weight  of  B-10,  in  y,  found  in  an  equal 
weight  of  the  unirradiated  material 

Conclusions 

A  method  has  been  described  by  which  the 
boron-10  burnup  in  stainless  steel-boron-10, 
zkconium-boron-lO,  and  Zircaloy-boron-10 
samples  may  be  determined  by  the  flame 
photometric  analysis  of  the  lithium  produced 
by  neutron  irradiation.  For  samples  contain- 
ing boron-10  in  the  range  0.2  to  1.5%, 
burnup  values  have  been  determined  with  a 
precision  of  ±5%  relative  standard  devia- 
tion. 
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PAINT  INDUSTRY  APPLICATIONS 

In  the  paint  industry,  flame  photometry 
may  be  used  for  the  detection  and  determina- 
tion of  most  metals  present  in  driers,  paint 
vehicles,  resins  and  pigments. 

In  general  the  advantages  of  the  qualita- 
tive applications  are  the  speed  of  the  analy- 
ses, the  little  experience  required  to  obtain 
and  interpret  results,  and  the  high  reli- 
ability of  the  results  due  to  the  fact  that  the 
emitted  lines  are  specific  for  each  element. 
Also  sodium  and  potassium,  which  are  dif- 
ficult to  detect  by  most  methods,  can  be 
detected  in  extremely  small  amounts.  A  few 
metals,  however,  emit  so  little  that  they 
cannot  be  detected  at  all  or  can  be  detected 
only  when  present  in  large  amounts. 

When  the  metal  contents  of  many  samples 
of  similar  composition  are  to  be  determined, 
flame  photometry  has  the  advantage  of 
speed,  many  determinations  being  possible 
within  a  matter  of  minutes  after  standard 
solutions  and  calibration  curves  have  been 
prepared.  Precision  and  accuracy  of  results 
are  usually  adequate.  Considerable  time  is 
usually  necessary  to  determine  the  optimum 
concentration  of  the  standard  solution 
(sufficiently  dilute  to  obtain  a  reasonably 
linear  relationship  between  concentration 
and  emission  without  having  a  high  ratio  of 
background  emission  and/or  noise  to  total 
emission)  and  to  prepare  the  calibration 
curves.  Thus  the  time  advantage  is  usually 
lost  unless  several  samples  are  to  be  ana- 
lyzed. 

One  of  the  more  ideal  applications  for  the 
flame  method  is  determination  of  the  metal 
contents  of  metallic  driers  (metal  soaps 
of  organic  acids).  The  metal  contents  of 
lead,  cobalt,  manganese  and  calcium  driers 
may  be  determined  satisfactorily.  The  sam- 
ple may  be  dissolved  directly  in  an  organic 
solvent  and  diluted  with  the  solvent  to  the 
desired  concentration.  Precision  of  the 
method  can  be  maintained  within  one  per 
cent  relative  error.  Accuracy  of  the  method 
is  limited  only  by  the  precision  of  the  method 
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and  by  the  accuracy  with  which  the  metal 
contents  of  the  standard  or  reference  driers 
can  be  determined  by  other  methods.  Prob- 
ably no  other  method  combines  the  speed, 
precision  and  reliability  of  the  flame  method 
for  the  determination  of  the  metal  contents 
of  driers. 

Another  similar  use  of  flame  photometry 
is  the  detection  of  the  metals  present  as 
driers  in  the  vehicles  separated  from  paint. 
Lead,  cobalt,  manganese  and  calcium  in  the 
amounts  usually  present  can  be  detected. 
Semiquantitative  determinations  are  pos- 
sible. The  determination  of  lead  is  especially 
useful  since  chemical  extraction  of  the  lead 
is  extremely  time  consuming. 

In  the  qualitative  analysis  of  pigments, 
nearly  all  the  metals,  except  zinc,  of  the  acid 
soluble  pigments  can  be  detected  rapidly. 
The  only  sample  preparation  necessary  is 


treatment  of  the  pigment  with  dilute  hydro- 
chloric acid  and  removal  of  the  acid  insoluble 
portion  of  the  pigment  by  filtration.  Quanti- 
tative determination  of  the  metals  is  also 
possible  if  the  approximate  composition  of 
the  pigment  is  known. 

Detection  and  determination  of  many  im- 
purities remaining  in  resins  and  vehicles  re- 
sulting from  manufacturing  processes  are  fea- 
sible. Sodium  in  epoxy  resins  is  an  example. 

PAUL  J.  SECBBST 

PETROLEUM  INDUSTRY  APPLICATIONS 

Analytical  determinations  of  inorganic  ele- 
ments in  a  wide  variety  of  sample  types  are 
required  in  the  petroleum  industry,  either 
for  routine  control  or  for  research  purposes. 
Flame  photometry  is  an  excellent  method 
for  many  of  these  determinations.  It  offers 


TABLE  1.  SAMPLE  TYPES  AND  REPBBENCE  NTTMBEBS 


Element 

Catalysts 

rh»mjnQ 

additives 
and 
organic 

HPD» 

LPD» 

Misc* 

Barium 

32 

4,  10,  20,  32 

32 

Boron 

7,32 

7 

12,32 

Calcium 

1,32 

14,32 

4,  10,  12,  16,  27,  32 

32 

14,  21,  32 

Chlorine  (as  chloride) 

22 

22 

Chromium 

14 

Copper 

29,32 

18,32 

14,32 

Iron 

14 

16,  30,  32 

14,  21,  32 

Lead 

30,32 

6,8,12-15,19,24, 

14,  32 

25,  28,  32 

Lithium 

32 

32 

10,32 

32 

32 

Magnesium 

32 

32 

14,  21,  32 

Manganese 

32 

29,  30,  32 

28,32 

14 

Nickel 

30 

14 

Nitrogen 

17 

Phosphorus 

5 

Potassium 

1,  31,  32 

32 

3,32 

32 

32 

Sodium 

1,  26,  31,  32 

32 

2,  3,  11,  32 

32 

14,  21,  32 

Strontium 

32 

4,  10,  16 

32 

Tin 

16 

14 

Vanadium 

14,  30 

*  HPD  (heavy  petroleum  distillate)  for  purposes  of  this  tabulation  includes  crude  oils,  residual  oils, 
refinery  feed  stocks,  blending  stocks,  and  finished  lubrication  oils  both  new  and  used.  LPD  includes 
refinery  feed  stocks,  blending  stocks  and  finished  gasolines.  Miscellaneous  includes  a  variety  of  water 
samples,  deposits,  greases,  asphalts  and  others  including  special  samples  obtained  through  research. 
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tions  as  well  as  in  the  estimation  of  the  boron 
present  in  the  unirradiated  sample.  It  is  felt, 
however,  that  these  errors  are  not  of  great 
significance  and  the  over-all  accuracy  of  the 
procedure  is  on  the  order  of  5  %. 

Calculations 

The  calculations  can  be  summarized  by 
means  of  the  formula: 


burnup 


a  X  6  X  200  X  10/7  X  10/c 


where 


a  SB  lithium  in  y/ml.  obtained  by  referring 
galvanometer  readings  to  the 
standard  curve 

6  —  dilution  factor.  Correction  for  any 
dilutions,  exclusive  of  the  original 
one  to  200  ml.,  necessary  to  bring 
the  lithium  concentration  to  the 
proper  range 

c  =a  weight  of  B-10,  in  7,  found  in  an  equal 
weight  of  the  unirradiated  material 

Conclusions 

A  method  has  been  described  by  which  the 
boron-10  burnup  in  stainless  steel-boron-10, 
zirconium~boron-10,  and  Zircaloy-boron-10 
samples  may  be  determined  by  the  flame 
photometric  analysis  of  the  lithium  produced 
by  neutron  irradiation.  For  samples  contain- 
ing boron-10  in  the  range  0.2  to  1.5%, 
burnup  values  have  been  determined  with  a 
precision  of  ±5%  relative  standard  devia- 
tion* 
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PAINT  INDUSTRY  APPLICATIONS 

In  the  paint  industry,  flame  photometry 
may  be  used  for  the  detection  and  determina- 
tion of  most  metals  present  in  driers,  paint 
vehicles,  resins  and  pigments. 

In  general  the  advantages  of  the  qualita- 
tive applications  are  the  speed  of  the  analy- 
ses, the  little  experience  required  to  obtain 
and  interpret  results,  and  the  high  reli- 
ability of  the  results  due  to  the  fact  that  the 
emitted  lines  are  specific  for  each  element. 
Also  sodium  and  potassium,  which  are  dif- 
ficult to  detect  by  most  methods,  can  be 
detected  in  extremely  sma.11  amounts.  A  few 
metals,  however,  emit  so  little  that  they 
cannot  be  detected  at  all  or  can  be  detected 
only  when  present  in  large  amounts. 

When  the  metal  contents  of  many  samples 
of  similar  composition  are  to  be  determined, 
flame  photometry  has  the  advantage  of 
speed,  many  determinations  being  possible 
within  a  matter  of  minutes  after  standard 
solutions  and  calibration  curves  have  been 
prepared.  Precision  and  accuracy  of  results 
are  usually  adequate.  Considerable  time  is 
usually  necessary  to  determine  the  optimum 
concentration  of  the  standard  solution 
(sufficiently  dilute  to  obtain  a  reasonably 
linear  relationship  between  concentration 
and  emission  without  having  a  high  ratio  of 
background  emission  and/or  noise  to  total 
emission)  and  to  prepare  the  calibration 
curves.  Thus  the  time  advantage  is  usually 
lost  unless  several  samples  are  to  be  ana- 
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One  of  the  more  ideal  applications  for  the 
flame  method  is  determination  of  the  metal 
contents  of  metallic  driers  (metal  soaps 
of  organic  acids).  The  metal  contents  of 
lead,  cobalt,  manganese  and  calcium  driers 
may  be  determined  satisfactorily.  The  sam- 
ple may  be  dissolved  directly  in  an  organic 
solvent  and  diluted  with  the  solvent  to  the 
desired  concentration.  Precision  of  the 
method  can  be  maintained  within  one  per 
cent  relative  error.  Accuracy  of  the  method 
is  limited  only  by  the  precision  of  the  method 
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and  by  the  accuracy  with  which  the  metal 
contents  of  the  standard  or  reference  driers 
can  be  determined  by  other  methods.  Prob- 
ably no  other  method  combines  the  speed, 
precision  and  reliability  of  the  flame  method 
for  the  determination  of  the  metal  contents 
of  driers. 

Another  similar  use  of  flame  photometry 
is  the  detection  of  the  metals  present  as 
driers  in  the  vehicles  separated  from  paint. 
Lead,  cobalt,  manganese  and  calcium  in  the 
amounts  usually  present  can  be  detected. 
Semiquantitative  determinations  are  pos- 
sible. The  determination  of  lead  is  especially 
useful  since  chemical  extraction  of  the  lead 
is  extremely  time  consuming. 

In  the  qualitative  analysis  of  pigments, 
nearly  all  the  metals,  except  zinc,  of  the  acid 
soluble  pigments  can  be  detected  rapidly. 
The  only  sample  preparation  necessary  is 


treatment  of  the  pigment  with  dilute  hydro- 
chloric acid  and  removal  of  the  acid  insoluble 
portion  of  the  pigment  by  filtration.  Quanti- 
tative determination  of  the  metals  is  also 
possible  if  the  approximate  composition  of 
the  pigment  is  known. 

Detection  and  determination  of  many  im- 
purities remaining  in  resins  and  vehicles  re- 
sulting from  manufacturing  processes  are  fea- 
sible. Sodium  in  epoxy  resins  is  an  example. 

PAUL  J.  SBCKBST 

PETROLEUM  INDUSTRY  APPLICATIONS 

Analytical  determinations  of  inorganic  ele- 
ments in  a  wide  variety  of  sample  types  are 
required  in  the  petroleum  industry,  either 
for  routine  control  or  for  research  purposes. 
Flame  photometry  is  an  excellent  method 
for  many  of  these  determinations.  It  offers 


TABLE  1.  SAMPLE  TYPES  AND  REFERENCE  NUMBERS 


Element 

Catalysts 

ChffinflfcyJ 
additives 
and 
organic 
compounds 

HPD* 

LPD* 

Misc* 

Barium 

32 

4,  10,  20,  32 

32 

Boron 

7,32 

7 

12,32 

Calcium 

1,32 

14,32 

4,  10,  12,  16,  27,  32 

32 

14,  21,  32 

Chlorine  (as  chloride) 

22 

22 

Chromium 

14 

Copper 

29,32 

18,32 

14,32 

Iron 

14 

16,  30,  32 

14,  21,  32 

Lead 

30,32 

6,8,12-15,19,24, 

14,32 

26,  28,  32 

Lithium 

32 

32 

10,32 

32 

32 

Magnesium 

32 

32 

14,  21,  32 

Manganese 

32 

29,  30,  32 

28,32 

14 

Nickel 

30 

14 

Nitrogen 

17 

Phosphorus 

5 

Potassium 

1,  31,  32 

32 

3,32 

32 

32 

Sodium 

1,  26,  31,  32 

32 

2,  3,  11,  32 

32 

14,  21,  32 

Strontium 

32 

4,  10,  16 

32 

Tin 

16 

14 

Vanadium 

14,30 

*  HPD  (heavy  petroleum  distillate)  for  purposes  of  this  tabulation  includes  crude  oils,  residual  oils, 
refinery  feed  stocks,  blending  stocks,  and  finished  lubrication  oils  both  new  and  used.  LPD  includes 
refinery  feed  stocks,  blending  stocks  and  finished  gasolines.  Miscellaneous  includes  a  variety  of  water 
samples,  deposits,  greases,  asphalts  and  others  including  special  samples  obtained  through  research. 

365 


FLAME  PHOTOMETRY 


the  advantages  of  speed,  precision  and  the 
direct  determination  of  metals  in  organic 
solutions. 

Flame  photometric  procedures  have  been 
used  for  the  qualitative  and  semiqualitative 
determination  of  metals  in  oils4'  14» 16« lo  and 
quantitative  determinations  of  metals  in 
oils  and  other  samples.  Table  1  lists  sample 
types,  elements  determined  and  the  corre- 
sponding literature  references. 

Applications  given  in  the  tabulation  do 
not  include  those  more  properly  classified  in 
other  industries.  During  exploration  for  oil, 
the  production  of  oil,  and  the  manufacture 
of  petrochemicals,  flame  photometric  meth- 
ods used  in  the  agriculture  and  mineral  in- 
dustries may  be  employed  by  the  petroleum 
industry.  Methods  used  in  clinical  labora- 
tories or  in  the  analysis  of  industrial  waters 
may  also  be  employed.  Bibliographies  for 
such  methods  are  given  by  Burriel-Martf  and 
Ramierez-Mufioz,*  and  Mavrodineanu.28 

Flame  photometers  have  become  increas- 
ingly important  as  analytical  tools  in  petro- 
leum laboratories;  today  they  are  standard 
equipment.  Flame  photometers  are  often 
employed  to  provide  faster  and  more  precise 
determinations  in  laboratories  having  emis- 
sion spectrographs.  As  flame  photometry 
develops,  it  will  become  increasingly  valu- 
able to  the  petroleum  industry  in  future 
analytical  and  research  applications. 
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The  chemical  analysis  of  plant  materials 
is  of  great  scientific  and  practical  interest  in 
determining  availabilities  of  different  fertili- 
zer elements  and  in  characterizing  texture, 
appearance,  and  cooking  quality  of  fruits 
and  vegetables.  The  conventional  methods 
of  chemical  analysis  are  not  rapid  enough 
to  meet  the  output  requirements  of  many 
research  programs.  The  rapidity  with  which 
the  analytical  determinations  can  be  made 
and  the  small  sample  required  are  the  princi- 
pal advantages  of  the  flame  photometric 
method  of  analysis. 

A  brief  description  of  the  principle  of 
flame  photometry,  types  of  instruments,  and 
their  special  adaptions  for  plant  analysis 
follows. 

The  basic  principle  of  flame  photometry 
rests  on  the  fact  that  salts  of  metals  when 
introduced  into  a  hot  flame  emit  radiations 
that  are  characteristic  for  each  metal.  Some 
of  these  radiations  may  be  perceived  by  the 
eye,  as  the  yellow  color  of  sodium  and  the 
green  color  of  copper,  while  others  give  radi- 
ations of  short  wave  lengths  that  are  not  per- 
ceived by  the  eye.  The  emission  of  radiant 
energy  has  two  aspects;  (a)  the  qualitative, 
characterized  by  one  or  more  lines  or  bands 
in  the  spectrum,  and  (b)  the  quantitative, 
characterized  by  the  intensity  of  the  emis- 
sion, related  to  the  concentration  of  the 


element  in  solution.  The  function  of  the 
flame  photometer  is  to  isolate  the  spectral 
line  or  bandhead  of  the  desired  element  in  a 
solution  in  mixture  with  other  elements  and 
to  measure  quantitatively  its  emission  in- 
tensity as  related  to  its  concentration. 

The  essential  components  that  character- 
ize the  operations  and  capabilities  of  flame 
photometers  are:  (a)  the  atomizing  device 
for  converting  the  solution  of  the  analytical 
material  into  minute  uniformly-sized  drop- 
lets for  steady  flow  into  the  flame;  (b)  the 
flame  source  produced  by  the  burning  of 
various  fuels  in  mixtures  with  air  or  oxygen 
for  the  excitation  of  the  elements  to  lumi- 
nescence (each  source  having  certain  tem- 
perature and  flame  background  character- 
istics); (c)  the  optical  system  for  the 
dispersion  of  the  mixed  radiant  energy  and 
for  the  isolation  of  the  desired  spectral  lines 
or  bands  by  the  use  of  color  filters  or  prisms, 
with  exit  slits;  (d)  appropriate  photocells  for 
transforming  the  radiant  energy  into  elec- 
trical energy;  (e)  an  electrical  circuit  for 
the  amplification  and  measurement  of  the 
intensity  of  the  radiation.  The  intensity 
measurement  can  then  be  converted  to  con- 
centration from  a  previously  made  curve  in 
which  emission  is  plotted  against  concentra- 
tion of  standard  solutions. 

Types  of  flame  Photometers.  The  more 
popular  and  less  expensive  types  of  commer- 
cially available  flame  photometers  are  those 
supplied  with  air-propane  or  air-gas  grid 
type  burners  that  produce  a  flame  tempera- 
ture of  1900-2000°C  and  that  are  designed 
primarily  for  determinations  of  sodium  and 
potassium.  For  the  separation  of  the  desired 
spectral  bands,  some  of  these  instruments 
are  provided  with  glass  prisms  (Perkin-El- 
mer);  others,  with  appropriate  color  filters 
(the  direct-reading  Beckman).  The  Perkin- 
Elmer  instrument  is  also  equipped  as  a 
double-beam  circuit  for  use  with  lithium  as 
an  internal  standard  by  which  method  errors 
caused  by  fluctuations  in  gas  pressure,  drop- 
let size  and  ion  interference  are  minimized. 
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Apart  from  being  cheaper,  the  simple  type  of 
instrument  also  has  the  advantage  that  it 
can  be  manipulated  by  less  well-trained 
personnel;  and,  where  plant  analysis  consists 
predominantly  or  entirely  of  determinations 
of  sodium  and  potassium,  this  type  of  in- 
strument is  entirely  satisfactory.  For  many 
problems,  however,  which  also  require  the 
determination  of  calcium  and  magnesium 
and  the  micronutrients  copper  and  manga- 
nese, the  glass  prism  photometers,  having  a 
spectral  dispersion  between  380  and  850  m/t, 
and  the  filter  instruments  are  totally  inade- 
quate. 

For  the  determination  of  magnesium, 
iron,  and  copper  it  is  necessary  that  the  spec- 
tral dispersion  be  extended  below  the  visible 
region,  as  is  done  by  the  Beckman  DU  quartz 
prism  monochromator,  or  its  equivalent. 
The  Beckman  flame  photometer  is  supplied 

TABLE  1.  D  VALUES  OF  IMPORTANT  PLANT  ELE- 
MENTS AT  DIFFERENT  WAVE  LENGTHS  USING 
BECKMAN  DU  FLAME  PHOTOMETER  AND  MUL- 
TIPLIES ATTACHMENT 


Element 

Wave  Length, 

D  value 

Calcium 

m/i 
422.7 

554 

ppm 
0.08 
0.22 

Magnesium 

285.2 

371 

0.20 
0.10 

Sodium 

589 
330 

0.001 
50.0 

Potassium 

768 
404 

0.05 
1.7 

Barium 

515 
873 

1.0 
0.3 

Manganese 

403.1 
561 

0.01 
0.20 

Strontium 

461 
606 

0.07 
0.30 

Copper 

324.7 
327.4 

0.6 
1.0 

with  integral  aspirator-burners  for  use  of 
oxyacetylene  or  oxyhydrogen  flame,  giving 
temperatures  of  3100  and  2800°C,  respec- 
tively. The  adjustable  slit  width  makes  it 
possible  to  isolate  closely  adjacent  wave 
lengths  or  bandheads,  which  cannot  be 
attained  by  the  use  of  filter  instruments. 
Furthermore,  the  photomultiplier  tube  at- 
tachment increases  the  sensitivity  of  the 
instrument,  thereby  making  possible  the  use 
of  very  narrow  slits  for  the  isolation  of  closely 
adjacent  spectral  lines.  For  the  most  advan- 
tageous use  of  the  Beckman  DU  flame  pho- 
tometer, however,  the  operator  must  possess 
some  skill  and  judgment  in  obtaining  proper 
instrumental  adjustments. 

The  following  adjustments  require  special 
emphasis:  (a)  selection  of  the  spectral  line  or 
band  peak  that  will  provide  the  least  inter- 
ference from  other  emission  lines  or  bands, 
continua,  and  flame  background  emission; 
(b)  selection  of  the  best  oxygen  and  fuel  pres- 
sure combination  that  will  give  mftYmniTn 
net  emission;  (c)  selection  of  the  narrowest 
slit  consistent  with  sufficient  radiation  when 
the  photomultiplier  and  monochromator  are 
adjusted  at  optimum  operating  sensitivities. 

Preparation  of  Sample.  Aqueous  and 
ammonium  acetate  extractions  of  plants 
have  been  used  for  the  direct  flame  photo- 
metric determinations  of  sodium  and  potas- 
sium contents.  More  generally,  however,  the 
ashed  plant  material  is  dissolved  in  dilute 
hydrochloric  acid  and  used  for  the  determin- 
ation of  several  elements.  The  ash  may  be 
obtained  by  incineration  in  an  electric  furn- 
ace at  a  temperature  not  exceeding  500°C 
or  by  the  more  commonly  used  method  of 
"wet  ashing"  in  a  mixture  of  nitric  and 
perchloric  acids.  For  most  purposes  a  l-to-2 
gram  sample  of  the  plant  material  in  a  final 
solution  volume  of  100  ml  will  supply  the 
best  average  concentrations  for  the  direct 
flame  photometric  determinations  of  cal- 
cium, magnesium,  potassium,  and  sodium. 
For  determination  of  micronutrient  elements 
a  3-to-5  gram  sample  should  be  taken.  The 
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acid  solution  of  the  ash  that  has  been  freed 
of  silica  is  commonly  designated  as  solution 
A.  With  proper  sample  preparation,  the 
same  solution  can  be  used  for  indirect  flame 
photometric  determinations  of  sulfate  and 
phosphate;  the  sulfate,  by  precipitation  as 
barium  sulfate  followed  by  the  flame  pho- 
tometric determination  of  the  excess  barium 
concentration;  the  phosphate,  by  its  de- 
pressant effect  on  flame  photometric  emis- 
sion intensity  of  calcium.  The  phosphate, 
however,  may  be  more  conveniently  de- 
termined by  one  of  the  colorimetric  proce- 
dures on  a  small  aliquot  of  solution  A. 

An  outline  of  sample  solution  with  provi- 
sions for  the  removal  of  perchlorate,  sulfate, 
phosphate,  iron,  and  aluminum  follows: 

(a)  Digest  a  1  or  2-gram  sample  of  plant 
material  in  a  mixture  of  nitric  and  perchloric 
acid,  followed  by  one  hour  of  boiling  in  per- 
chloric acid,  (b)  Evaporate  excess  perchloric 
acid,  bring  into  solution  in  (1  +  1)HC1,  and 
evaporate  on  warm  part  of  hot  plate,  (c) 
Dissolve  residue  by  warming  in  5  ml  of  IN 
HC1,  dilute  with  75  ml  of  H20,  and  boil 
gently  to  dissolve  salts.  Precipitate  sulfate 
by  addition  of  enough  1/16AT  BaCl2  to 
give  a  5  to  10  ml  excess  of  the  reagent.  Di- 
gest and  let  stand  overnight,  (d)  Without 
removing  the  BaS04 ,  add  10  ml  of  a  2N 
acetate  buffer  which  has  been  adjusted  to 
pH  4  with  ammonia,  5  ml  of  0.5N  FeCU  in 
Q.5N  HC1,  and  add  IN  NH4OH  in  the  quan- 
tity required  to  neutralize  the  combined 
additions  of  the  IN  HC1  and  the  FeCls . 
Digest  in  covered  beakers  on  hot  plate  at 
gently  boiling  temperature  to  obtain  a  good 
flocculation  of  the  reddish  brown  precipitate 
(15-30  min).  Remove  from  hot  plate,  trans- 
fer to  100-ml  volumetric  flasks,  cool  to  room 
temperature,  fill  to  mark  with  E^O,  mix  and 
filter  through  12.5-cm  folded  paper  into 
polyethylene  bottles.  The  filtrate  contains 
the  residual  barium  from  the  sulfate  precip- 
itation, calcium,  magnesium,  sodium,  potas- 
sium, and  manganese.  Iron,  aluminum,  and 
phosphate  are  contained  in  the  precipitate. 


The  solution  that  has  been  freed  of  the  ele- 
ments Fe,  Al,  P,  and  S  may  be  denoted  as 
solution  B. 

Spectral  Lines  and  Bands,  and  De- 
tection Limits  of  Elements.  In  the  flame, 
the  solution  of  a  metal  simultaneously  ex- 
hibits several  spectral  emission  lines  and 
bands  which  have  different  emission  intensi- 
ties. The  line  or  band  peak  that  shows  the 
highest  emission  intensity  is  termed  the 
persistent  line  and  i°  usually  chosen  as  the 
identifying  and  analysis  wave  length  for  that 
metal.  In  flame  photometry  inftTiiialg  the 
relative  emission  intensities  of  the  different 
lines  of  the  same  metal  and  of  different 
metals  are  expressed  by  their  detection 
limits,  D  values.  The  D  values  bear  an  in- 
verse relation  to  the  relative  emission  inten- 
sities. They  are  defined  as  the  least  concen- 
trations of  an  element  that  will  be  detected 
above  the  solvent  flame  background.  The 
emission  intensity  is  the  total  emission  less 
that  of  the  flame  and  cation  background. 

The  D  values  for  the  most  important  ele- 
ments in  plant  analysis  are  given  in  Table  2. 
These  values  have  an  important  bearing  on 
the  minimum  concentration  of  the  elements 
required  to  hold  the  analysis  within  certain 
limits  of  error.  Theoretically,  for  an  analyti- 
cal error  of  =fcl%,  the  concentration  of  the 
element  should  be  100  times  its  D  value.  As 
the  concentration  ratio  is  reduced,  the  error 
becomes  proportionately  greater.  It  should 
be  noted  that  the  D  values  given  in  different 
manuals  were  obtained  under  various  condi- 
tions  and  are  often  in  conflict.  It  is  best  to 
obtain  such  values  with  the  instrumental  ad- 
justments under  which  the  element  is  to  be 
determined. 

Calibration  Standards  and  Instru- 
mental Adjustments.  The  instrumental 
adjustments  depend  on  the  concentration 
range  of  the  elements  analyzed.  The  maxi- 
mum standard  concentrations  that  would  be 
suitable  for  average  plant  material  and  the 
corresponding  adjustments  are  indicated  in 
Table  2.  The  preliminary  instrument  settings 
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TABLE  2.  WAVE  LENGTHS  AND  TENTATIVE  INSTRU- 
MENTAL  ADJUSTMENTS1    FOR   PLANT  MATERIAL 

ANALYSIS  WITH  BECKMAN  DU  FLAME  PHOTOM- 
ETER AND  PHOTOMULTIPLIER  ATTACHMENT 


Pressure 

J, 

Element 

•«  e 

Wave  Length, 

1  ta.|  Slit  Width, 

i 

li 

m/i 

O«   jCtHt 

o:=y>    mm* 

X 

P.S.I. 

S      1 

Ca 

500 

422.7 

10 

o 

1    ;  .02-.03 

Mg 

100 

285.2 

10 

5 

4-5     .03-.05 

K 

500 

•  767 

10 

3 

4-5     .03-.05 

Na 

100 

;  589 

10 

3 

1       .02-.03 

Ba 

100 

515-522* 

10 

2* 

4-5 

.03-.05 

Mn 

10 

403-401' 

10 

5 

A 

.04 

Sr 

10 

i  46M66* 

10 

3 

4       .04-.05 

Cu 

10 

325 

10 

5 

4 

.04-.05 

1  Other  monochromator  adjustments  are:  se- 
lector switch  on  0.1;  sensitivity  knob  about  one 
turn  from  counterclockwise  limit. 

*  Hydrogen  was  used  with  barium,  in  all  other 
instances,  acetylene  was  used. 

9  Wave  lengths  used  for  background  corrections, 
(L-H). 

should  be  made  about  15  minutes  in  advance 
of  use.  The  calibration  standards  are  pre- 
pared from  stock  solutions  containing  1 
gram  of  the  metal  per  liter  of  aqueous  solu- 
tion of  the  chemically  pure  chloride  salts. 
The  concentration  intervals  are  usually  in 
steps  of  20%  of  the  maximum,  with  a  10% 
point  between  the  zero  point  and  the  20% 
point.  The  stock  solution  is  pipetted  into 
100-ml  volumetric  flasks,  the  solvent  salts 
are  introduced  to  give  a  concentration  equal 
to  that  in  the  sample,  and  filled  to  the  mark 
with  distilled  water. 

With  the  burner  lighted  and  the  dial  set 
at  the  required  wave  length,  the  fine  adjust- 
ment is  made  while  the  maximum  standard 
is  being  aspirated  in  the  flame  and  the  slit 
opened  wide  enough  so  that  the  radiation 
will  register  on  the  galvonometer.  Slowly 
turn  the  wave  length  knob  in  the  direction 
that  will  give  the  greatest  response  (needle 
moving  to  the  left)  while  narrowing  the  slit 
to  zero  the  needle.  Continue  until  the  point 
is  reached  where  the  slightest  motion  either 
to  the  right  or  left  will  give  a  deflection  of 
the  needle  to  the  right. 
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Set  the  T-dial  on  100,  the  monochromator 
sensitivity  1  turn  from  counterclockwise 
limit;  set  the  photomultiplier  on  the  switch 
that  will  allow  a  near  balance  of  the  needle 
at  a  slit  width  of  0.03  to  0.05  mm.  The  final 
adjustment  is  made  by  turning  the  sensitiv- 
ity knob.  During  this  time  two  points  need 
continual  checking:  one  is  the  fuel  pressure 
that  tends  to  drop  and  needs  adjustment;  the 
other  is  the  dark  current  zero  adjustment. 
When  reproducible  readings  have  been  ob- 
tained on  alternate  readings  of  maximum 
and  zero  standards,  the  readings  on  the  in- 
termediate concentrations  are  then  obtained 
and  plotted  on  coordinate  paper. 

Interference  Effects.  The  most  serious 
problem  attending  flame  photometric  analy- 
sis is  the  change  in  the  emission  intensity  of 
an  element  when  analyzed  in  the  presence  of 
extraneous  elements  or  in  various  solution 
media.  Any  change  in  the  emission  intensity 
of  an  element  from  that  of  its  standard  solu- 
tion is  described  as  an  interference.  Interfer- 
ence phenomena  caused  by  extraneous  ele- 
ments are  commonly  grouped  under  cation 
and  anion  effects.  The  silicate,  phosphate, 
and  sulfate  ions  commonly  found  in  plant 
ash  solution  exert  serious  inhibiting  effects 
on  the  emission  of  calcium,  magnesium,  and 
strontium;  whereas  the  perchlorate  ion, 
residual  from  the  wet  ashing,  has  an  enhanc- 
ing effect.  Anion  exchange  resins  have  been 
used  for  the  removal  of  phosphate  and  sul- 
fate ions.  The  author  prefers  their  removal 
by  chemical  precipitations  as  described  in 
the  outlined  procedure.  This  method  has  the 
advantage  that  it  also  removes  soluble  alu- 
minum which  has  a  strong  depressing  effect 
on  the  flame  emission  of  calcium. 

Cation  interferences  are  grouped  accord- 
ing to  the  nature  or  source  of  interference 
and  means  of  circumventing  them.  Spectral 
or  band-width  interference  is  due  to  proximity 
of  two  emission  lines  and  the  superimposing 
or  overlapping  of  two  band  widths.  The  high 
resolving  power  of  the  monochromator  is 
capable  of  isolating  closely  adjacent  lines 
like  those  of  manganese  403  m/*  from  potas- 
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slum  404  m/*;  but  it  cannot  undo  the  direct 
interference  from  overlapping  bands  like 
those  of  calcium  and  barium  at  554  m/j 
peaks.  In  such  instances,  other  wave  lengths 
are  selected,  as  423  m/*  for  calcium  and  515 
m/i  for  barium. 

Radiation  interference  is  a  type  of  inter- 
ference in  which  the  interfering  element 
shows  no  radiation  of  its  own  at  the  analysis 
wave  length.  It  is  encountered  in  the  calcium 
flame  in  presence  of  aluminum,  phosphorus, 
and  sulfur.  These  interferences  have  been 
ascribed  to  the  formation  in  the  flame  of 
compounds  with  the  analysis  element  which 
are  of  higher  vaporization  temperature  than 
the  chloride.  There  is  evidence  that  manga- 
nese has  an  effect  on  the  emissions  of  calcium 
and  strontium  somewhat  similar  to  that  of 
aluminum.  The  mutual  interference  between 
sodium  and  potassium  also  comes  under  this 
designation. 

Background  interference  comes  as  a  result 
of  high  concentrations  of  sodium,  potas- 
sium, and  other  elements  in  the  presence  of 
a  low  concentration  of  the  analysis  element. 
The  interfering  elements  exert  a  continuous 
radiation  over  a  wide  region  of  the  spectrum. 
Such  an  effect  is  found  on  the  barium  emis- 
sion at  515  m/x  and  has  been  remedied  by  sub- 
tracting the  background  radiation  at  522  m/* 
from  the  total  emission  at  515  m/x.  This  is 
known  as  the  "L-H"  method  of  background 
correction  and  can  be  used  only  where  the 
background  is  of  the  same  magnitude  at  the 
two  wave  lengths  used. 

Complex  cation  effects  are  exemplified  by 
the  effects  of  sodium  and  magnesium  on  cal- 
cium emission.  These  elements  inhibit 
emission  at  low  concentrations  but  enhance 
it  as  the  concentration  of  the  interfering 
element  increases.  Under  such  circumstances 
the  most  practical  remedy  is  the  use  of 
compensated  standards.  In  this  instance,  the 
calcium  standards  are  supplied  with  the 
approximate  concentrations  of  sodium,  mag- 
nesium, and  potassium  that  are  likely  to  be 
found  in  the  unknowns. 

Considerable  work  will  have  to  be  done 


before  the  various  interferences  can  be  fully 
understood  and  remedies  for  their  correction 
supplied. 

The  much  smaller  interferences  obtained 
for  the  elements  other  than  calcium  indicate 
that  many  mutual  cation  interferences  can 
be  controlled  by  the  use  of  the  photomulti- 
plier  and  narrow  slits. 

Trace  Elements.  Copper  has  been  ex- 
tracted from  a  O.IN  HC1  solution  with  10 
ml  of  a  solution  made  up  by  taking  1  part 
kerosene  and  1  part  chloroform  containing 
0.1  %  dithizone  and  then  Cu  determined  in 
the  oxyhydrogen  flame  at  324.8  m/i  wave 
length. 

Manganese  can  be  determined  photomet- 
rically in  concentrations  of  2  to  5  ppm  in 
solution  B. 

Strontium,  while  not  recognized  as  a  plant 
nutrient,  is  of  interest  because  of  its  content 
in  radioactive  fallout  and  its  uptake  by 
plants,  particularly  in  its  relation  to  soil  lim- 
ing. Flame  analysis  has  been  successfully 
used  for  its  determination. 

W.  M.  SHAW 

SAMPLE  FLOW  EFFECT  ON  SPECTRAL 
EXCITATION 

The  rate  of  introduction  of  a  liquid  sample 
solution  into  the  flame  has  long  been  recog- 
nized as  one  of  the  significant  variables  in 
flame  photometry.  In  the  past,  it  has  been 
customary  to  enhance  the  sensitivity  of  de- 
tection of  low  metal  ion  concentrations  in 
aqueous  solution  by  increasing  the  rate  of 
sample  flow,  meanwhile  assuming  a  negligi- 
ble cooling  effect  upon  the  flame.  On  the 
basis  of  a  thermodynamic  model,  a  relation- 
ship has  been  proposed  which  predicts  the 
existence  of  optimal  flow  rates  for  maximum 
sensitivity  of  detection  of  inorganic  ions  in 
aqueous  samples. 

The  temperature  of  any  flame  is  a  function 
of  the  thermal  stabilities  of  its  combustion 
products.6  If  water  is  introduced  into  the 
flame,  it  deprives  the  flame  of  the  energy 
needed  to  decompose  the  water  and  raise  its 
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products  to  the  same  temperature  as  the 
products  of  combustion  of  the  flame.  Hence, 
the  temperature  of  the  flame  is  lowered. 
Quantitative  estimates  of  the  oxygen-hydro- 
gen flame  temperature  changes  due  to  the 
addition  of  water  have  been  made  by  Foster 
and  Hume*  using  a  modification  of  the  hy- 
droxide rotational  temperature  method  de- 
veloped by  Broida  and  co-workers.2  Temper- 
ature changes  of  up  to  600°K  were  noted 
when  the  flow  rate  increased  from  zero  to  six 
milliliters  per  minute. 

The  reaction  for  the  stoichiometric  oxy- 
gen-hydrogen flame  can  be  written. 


intensity  is  written  as 


2H»  -f 


2HS0  +  1U.2  kcal 


whereas  in  actuality,  at  the  equilibrium  tem- 
perature, the  combustion  product,  water, 
decomposes  and  enters  into  states  of  equi- 
libria which  can  be  represented  by  the  equa- 
tion 


f2H  +    O  ;=i  OH  -h  HI 

hr    11 

LH2      &0,  J 


(A) 


-  QH(T)  kcal 


Qa(T)  is  the  sum  of  the  heats  of  reaction  and 
of  enthalpy  differences  for  each  product  be- 
tween the  initial  and  final  temperature  per 
mole  of  water.  Similarly,  the  equation  for  the 
cyanogen-oxygen  flame  can  be  represented 
by 

C,Ni  -h  O«  -»  2CO  +  Nt  +  126.7  kcal 

2N  (B) 

-Qc(T) 

where  Qc(T)  is  the  energy  required  to  raise 
the  products  to  temperature,  T. 

Modifying  a  Boltzmann  distribution  curve 
relating  the  intensity  of  a  spectral  line  to  the 
excitation  potential  energy  and  the  tempera- 
ture of  thermal  equilibrium,  Baker  and  Val- 
lee1  have  proposed  a  theoretical  model  where 
the  intensity  of  the  spectral  line  is  directly 
related  to  the  sample  flow.  Denoting  the 
solvent  flow  as  re  in  molar  units,  the  proposed 
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where  A  is  a  constant  and  T(x)  represents 
the  absolute  temperature  of  the  flame  as  a 
function  of  the  flow  rate  x.  The  othei  sym- 
bols retain  their  customary  meaning. 

In  the  case  of  aqueous  flow  into  the  cyano- 
gen-oxygen flame,  the  net  reaction  is  written 
as  the  sum  of  Equations  A  and  B,  or  more 
simply  C2N2  +  02  +  xH20  —  »  products.  As- 
suming thermal  equilibrium,  the  net  Q  at 
any  temperature  must  be  zero,  or 


126.7  - 


-  QC(T)  -  0 


QB(T)  and  QC(T)  are  calculated  from  thermo- 
dynamic  constants  at  various  tempera- 
tures,6* 7  and  an  empirical  equation  relating 
temperature  as  a  function  of  sample  flow 
can  be  fitted  to  the  resultant  plot.  Substitu- 
tion of  the  temperature  function  into  the 
proposed  theoretical  model  yields  a  curve 
which  relates  spectral  line  intensity  as  a  func- 
tion of  sample  flow  and  excitation  energy, 
which  is  a  constant  for  a  particular  line.  The 
curve  possesses  one  maximum  which  can  be 
located  by  equating  the  first  derivative  to 
zero  and  solving  for  the  optimal  flow  rate  as 
a  function  of  the  excitation  potential,  E. 
Similar  calculations  can  be  performed  for  the 
hydrogen-oxygen  flame. 

Fuwa  et  oZ.,4  using  a  system  of  flame  con- 
trol developed  earlier,5  have  investigated  the 
flow  rate  values  at  which  TruMrinmnn  sensi- 
tivity was  achieved  for  the  calcium  lines  at 
3968.5  A  and  4226.7  A  in  both  the  cyanogen- 
oxygen  and  hydrogen-oxygen  flames.  Experi- 
mental data  agree  with  the  theoretical  re- 
sults. Foster  and  Hume,8  in  an  independent 
investigation  of  the  role  played  by  sample 
flow  rate  upon  spectral  line  intensity,  show 
agreement  with  the  theoretical  model  in  the 
cases  of  Cs,  K,  and  Na.  An  exception  is  noted 
in  the  case  of  lithium  where  two  spectral 
lines  of  two  different  excitation  energies 
reach  a  sensitivity  maximum  at  the  same 
flow  rate. 
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Such  agreement  between  experimental  evi- 
dence and  theoretical  considerations  would 
suggest  that  the  calculations  could  be  applied 
to  other  solvents  with  equally  successful  re- 
sults. 
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FLUORESCENCE* 

Fluorescence1  is  a  process  in  which  an  atom 
or  molecule  emits  radiation  in  the  course  of  a 
transition  from  a  higher  to  a  lower  electronic 
state.  A  more  restricted  definition,  applica- 
ble particularly  to  atomic  processes,  excludes 
the  special  case,  known  as  resonance  radia- 
tion, in  which  the  wavelength  of  the  emitted 
radiation  is  the  same  as  that  of  the  exciting 
radiation.  The  term  "fluorescence"  is  further 
restricted  to  phenomena  in  which  the  time 
interval  between  the  acts  of  excitation  and 
emission  is  small,  of  the  order  of  lO"8-!^8 
second.  This  distinguishes  fluorescence  from 
phosphorescence,  where  the  time  interval  be- 
tween absorption  and  emission  may  extend 
from  10"8  second  to  several  hours. 

Fluorescence  is  exhibited  both  by  free 
atoms  and  by  molecules;  it  can  occur  in  the 
gaseous,  liquid  and  solid  states,  although  not 
necessarily  in  all  three  phases  of  the  same 
substance.  It  is  observed  in  its  simplest  form 
in  the  classical  experiment  of  Lord  Rayleigh, 
in  which  sodium  vapor,  confined  in  a  quartz 
vessel  at  low  pressure  was  exposed  to  the 
ultraviolet  radiation  from  a  spark  between 
zinc  electrodes.  This  causes  the  sodium  vapor 
to  glow  with  a  yellow  fluorescence  corre- 

*  From  the  "Encyclopedia  of  Chemistry",  Rein- 
hold,  1957,  p.  407. 


spending  in  wavelength  to  the  D-line  transi- 
tion of  sodium  atoms  falling  from  the  first 
electronically  excited  state  to  the  ground 
state.  The  absorption  of  the  ultraviolet  radi- 
ation excites  the  sodium  atoms  to  high  elec- 
tronic energy  levels.  Part  of  this  excitation 
energy  is  dissipated  by  collision  with  other 
sodium  atoms,  or  the  walls  of  the  vessel,  re- 
ducing the  atom  to  its  lowest  electronically 
excited  state,  from  which  it  subsequently 
drops  to  the  ground  state  with  the  emission 
of  the  D-line  radiation.  In  such  atomic 
processes  the  wavelength  of  the  fluorescent 
radiation  is  always  longer  than  that  of  the 
exciting  radiation— a  generalization  known 
as  Stokes'  Law.  Fuorescence  can  occur  also 
in  molecules,  but  the  process  is  more  com- 
plex, since  the  electronic  excitation  and  de- 
excitation  processes  may  be  accompanied  by 
secondary  changes  in  the  vibrational  and 
rotational  energy  of  the  molecule. 

The  relationship  between  the  molecular 
structure  and  the  fluorescence  of  organic 
compounds  is  less  well  understood  than  the 
factors  determining  the  initial  absorption 
process.  It  is  important  for  fluorescence  that 
the  molecule  not  only  contain  a  chromo- 
phoric  system  to  absorb  the  exciting  radia- 
tion, but  also  that  the  excited  electronic 
system  be  shielded  adequately  from  internal 
and  external  influences  which  would  permit 
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a  too  rapid  dissipation  of  the  excitation  en- 
ergy into  vibrational  motion  before  the 
fluorescence  re-radiation  act  can  occur.  At 
present  it  is  not  possible  to  define  the  type 
of  molecular  structure  required  to  induce 
strong  fluorescing  power,  but  certain  sub- 
stituent  groups,  notably  the  — X02  group 
are  commonly  associated  with  a  strong 
quenching  effect  on  the  fluorescence  of  any 
molecule  to  which  they  are  attached  as  part 
of  a  conjugated  system.  Among  organic 
compounds  brilliant  fluorescence  is  particu- 
larly associated  with  the  phthalein  structures 
and  also  with  aromatic  structures  such  as 
anthracene  and  naphthacene,  which  contain 
condensed  systems  of  several  benzene  rings. 
Few  inorganic  compounds  fluoresce  strongly 
in  the  liquid  state  or  in  solution,  but  in  the 
solid  state  the  fluorescence  of  certain  uranyl 
salts  and  platinocyanides  is  outstanding. 

In  solids,  fluorescence  is  often  greatly 
modified  by  the  presence  of  trace  impurities 
and  a  considerable  literature  exists  on  the 
nature  of  such  phenomena  which  are  com- 
monly associated  with  irregularities  in  the 
crystal  lattice  (F-centers).  As  examples  we 
may  note  that  the  blue  fluorescence  of  pure 
solid  anthracene  changes  on  the  addition  of 
1Q-4  mole  of  naphthacene,  and  the  resulting 
green  fluorescence  is  characteristic  of  the 
naphthacene  and  not  the  anthracene  mole- 
cule. Similar  effects  are  noted  in  solid  inor- 
ganic systems,  particularly  zinc  sulfide,  the 
blue  fluorescence  of  which  is  greatly  intensi- 
fied by  the  addition  of  one  part  in  ten  thou- 
sand of  cupric  chloride.  The  application  of 
such  effects  to  the  analysis  of  trace  amounts 
of  the  activating  substances  will  be  apparent. 

Fluorescence  can  also  be  induced  by  other 
excitation  mechanisms  as  well  as  ultraviolet 
irradiation.  The  excitation  of  fluorescence  by 
electron  bombardment  constitutes  the  basic 
process  in  the  illumination  of  cathode-ray 
oscillograph  and  television  screens  and  the 
excitation  of  fluorescence  by  a-,  £-  and  7-rays 
is  employed  in  scintillation  counters  for  the 
monitoring  of  radioactivity. 
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R.  NORMAN  JONES 

FLUOROPHOTOMETRY 

Of  growing  importance  for  the  assay,  iden- 
tification and  analysis  of  a  wide  variety  of 
natural  and  synthetic  substances,  especially 
those  of  significance  in  the  biochemical  and 
medical  fields,  is  the  technique  of  fluoropho- 
tometry.  Any  specimen  which  absorbs  radia- 
tion in  the  ultraviolet,  visible  or  infrared 
ranges  of  the  spectrum  and  becomes  fluores- 
cent by  emission  of  radiation  is  suitable  for 
this  technique  which  may  be  more  sensitive 
and  discriminating  than  colorimetry  or  spec- 
trophotometry  (q.v.)  for  measurements  of 
extremely  low  concentrations  in  macro  or 
micro  volumes  of  solutions.  Instrumentation 
is  of  two  types  analogous  to  absorption 
photometry  and  spectrophotometry:  (1)  the 
photoelectric  fluorometer,  and  (2)  the  spec- 
trofluorometer. 

In  the  first,  simpler  type  of  which  the  Far- 
rand  instrument  is  typical,  light  from  a 
mercury  arc  lamp  providing  effective  ultra- 
violet and  visible  radiation  is  controlled  by  a 
shutter  and  disc-type  diaphragm  with  vary- 
ing size  apertures.  A  separate  compartment 
accommodates  a  quartz  lens  system,  primary 
filter  holder,  a  rotatable  cuvette  carrier  table 
(usually  for  3  cuvettes,  standard,  sample  and 
blank)  a  second  quartz  lens  system  at  right 
angles  to  the  first  system,  and  a  secondary 
filter  holder.  A  third  compartment  contains 
the  photoelectric  detecting  unit.  The  fluores- 
cent radiation  excited  in  the  sample  by  the 
narrow  band  of  radiation  provided  by  the 
filter  is  collected  at  right  angles  to  the  il- 
luminating beam.  The  fluorescent  beam  is 
used  to  image  the  center  of  the  cuvette  on 
the  cathode  of  the  photomultiplier  tube  by 
means  of  the  second  quartz  lens  system  and 
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secondary  filter.  A  sensitive  galvanometer  or 
microammeter  is  usually  provided  for  indi- 
cation of  the  photoelectric  current  and  hence 
intensity  of  the  fluorescent  radiation. 

The  more  elaborate  and  quantitative  spec- 
trofluorometer  involves  the  use  of  two  mono- 
chromators  (q.v.),  so  that  the  chemical 
constituents  under  investigation  can  be  ir- 
radiated in  any  single  chosen  wavelength  of 
the  ultraviolet,  visible  or  infrared  regions, 
usually  220  to  650  millimicrons,  through  the 
excitation  monochromator  and  the  measure- 
ment of  the  resulting  fluorescence  likewise 
obtained  at  any  chosen  wavelength  in  these 
regions  through  an  analyzing  monochroma- 
tor. A  xenon  arc  source  of  light  is  commonly 
preferred.  Of  course  the  entire  fluorescence 
spectrum  may  be  scanned  in  this  way  for 
selection  of  the  optimum  wavelength  for  a 
constituent.  The  microainmeter  visual  read- 
ing may  be  replaced  by  automatic  recording 
peaks  and  spectra  on  such  recorders  as  the 
Varian  strip  chart  or  Brown  Electronik,  or 
by  an  oscilloscope  (DuMont  Type  304-A). 
Farrand  instruments  provide  arrangements 
for  reflectance  or  transmittance  measure- 
ments, use  of  solid  samples,  and  measure- 
ments in  paper  chromatography. 

Numerous  recent  papers  report  the  results 
of  fluorometric  measurements  on  steroids, 
estrogens,  amino  acids,  serotinin  (in  the 
brain),  epinephrine,  reserpine,  tranquilizing 
alkaloids,  and  many  other  compounds  of 
pharmacological  and  biological  interest. 
Specific  data  for  a  long  list  of  these  com- 
pounds on  activation  peak  and  fluorescent 
peak  wavelengths  are  presented  in  the 
references. 
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PHOSPHORIMETRY* 

Phosphorimetry  is  a  means  of  chemical 
analysis  based  on  the  nature  and  intensity 
of  the  phosphorescent  light  emitted  by  an 
appropriately  excited  molecule.  Many  or- 
ganic molecules  containing  multiple  bonds 
phosphoresce  if  excited  by  radiant  energy  of 
suitable  frequency.  A  few  of  the  common 
organic  molecules  that  can  be  made  to  phos- 
phoresce are:  benzene,  naphthalene,  anthra- 
cene, aniline,  nitrobenzene,  benzaldehyde, 
benzophenone,  acetophenone,  toluene,  phe- 
nol, fluorescein  and  their  derivatives.  Inor- 
ganic molecules  such  as  C02  and  S02  are  also 
phosphorescent. 

Each  phosphorescence  is  unique  in  regard 
to  its  frequency,  lifetime,  quantum  yield, 
and  vibrational  pattern,  and  such  properties 
are  used  for  qualitative  identification.  The 
correlation  of  intensity  with  concentration 
can  serve  as  a  basis  for  quantitative  meas- 
urement. The  resolution  of  mixtures  of 
phosphorescent  substances  is  possible  in 
three  ways:  (1)  by  selective  excitation,  (2) 
spectroscopically,  and  (3)  phosphoroscopi- 
cally  on  the  basis  of  the  phosphorescent  life- 
times. 

Substances  that  phosphoresce  may  be 
divided  into  two  classes,  based  on  the 
mechanism  by  which  their  phosphorescences 
are  produced.  In  the  first  group  are  mineral, 
or  crystal,  phosphors.  In  this  case  the  in- 
dividual molecule  is  not  phosphorescent, 
but  the  ability  to  emit  an  afterglow  is  as- 
sociated with  the  return  of  an  electron  to 
an  impurity  site  in  the  crystal,  following 
ionization  through  the  process  of  photon 
absorption.  As  this  type  of  phosphorescence 
cannot  be  ascribed  to  a  definite  substance, 
phosphorescences  of  this  class  are  not  con- 
sidered suitable  for  this  type  determina- 
tion. In  the  second  class  the  emission  is  at- 
tributed to  a  definite  molecular  species.  It  is 

"* *FronT"Eiacyclopedia  of  Chemistry  Supple- 
ment," Reinhold,  New  York,  1968,  p.  224 
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with  such  compounds  that  this  method  is 
utilized. 

Phosphorescence  is  produced  in  molecules 
by  the  absorption  of  radiant  energy  of  a  fre- 
quency within  the  normal  absorption  band 
of  the  molecule — usually  in  the  ultraviolet 
region  of  the  spectrum.  Two  of  the  many  pos- 
sible end  results  are  fluorescence  and  phos- 
phorescence produced  by  the  excitation  of 
an  appropriate  electron  energy  level  of  the 
molecule.  In  order  to  observe  the  phospho- 
rescences of  such  excited  molecules  in  solution 
it  is  necessary  to  dissolve  them  in  a  suitable 
solvent  which,  upon  cooling  to  low  tempera- 
tures, forms  a  rigid  transparent  glass.  The 
role  of  the  rigid  medium  is  to  prevent  the 
collisional  deactivation  of  molecules  in  the 
excited  phosphorescent  (triplet)  electron 
levels  before  the  molecule  emits.  One  such 
solution  (EPA)  widely  used  consists  of  a 
mixture  of  ethyl  ether,  isopentane  and 
ethanol. 

The  phosphoroscope  is  of  a  modified  Bec- 
querel  type  and  consists  of  two  slotted  disks 
mounted  to  a  common  shaft  and  driven  at  a 
selected  speed  by  a  synchronous  motor.  The 
disks  are  so  arranged  that  openings  in  one 
blade  are  in  line  with  uncut  portions  of  the 
second  blade  to  prevent  excitation  emission 
from  gaining  access  to  the  spectrograph  or 
photometer.  This  allows  a  sample  on  the  op- 
tical axis  between  the  rotating  blades  to  be 
illuminated  (excited  to  phosphorescence), 
followed  by  a  period  of  darkness,  during 
which  time  its  phosphorescence  is  allowed  to 
pass  the  second  disk  and  thence  to  the  spec- 
trograph or  photometer. 

The  resolution  time  of  such  an  arrangement 


is  the  length  of  time  between  the  cutoff  of 
excitation  to  the  sample  and  the  clearing  of 
the  optical  path  by  the  second  blade  to  allow 
the  phosphorescent  emission  to  pass.  This 
time  is  a  function  of  the  motor  speed,  size 
and  spacing  of  the  cuts  in  the  disks,  relative 
radial  position  of  the  disks  to  each  other, 
and  the  size  of  the  slits. 
The  phosphoroscope  serves  two  functions: 

(1)  it  allows  the  study  of  the  phosphores- 
cence free  from  any  excitation  emission  and 

(2)  it  affords  a  unique  way  of  resolving  sim- 
ple  mixtures   of   phosphorescences   based 
on  their  mean  lifetimes.  For  example,  if 
two  compounds  of  different  phosphorescence 
lifetimes  are  present  in  a  mixture,  the  proper 
choice  of  disks  and  motor  speeds  may  give  a 
resolution    time    which    will    permit    the 
shorter-lived  compound  to  decay  to  a  degree 
too  weak  to  be  detected,  and  the  only  meas- 
urable emission  would  be  from  the  longer 
lived  component. 

In  another  case  where  the  two  lifetimes 
are  nearly  equal,  resolution  may  possibly  be 
gained  by  a  spectroscopic  resolution  of  the 
phosphorescent  emission  or  by  a  selection  of 
excitation  frequency  that  will  excite  one 
phosphor  and  not  the  other.  In  a  more  dif- 
ficult case  where  one  phosphorescence  can- 
not be  completely  isolated,  relative  intensity 
values  of  two  sets  of  conditions — one  set 
optimum  for  one  compound  and  the  second 
set  optimum  for  the  other — may  be  deter- 
mined and  the  concentration  found  through 
the  solution  of  two  simultaneous  equations 
from  appropriate  experimental  data. 

RUSSELL  J.  KEIRS 
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BASIC  PRINCIPLES  AND  INSTRUMENTATION 

Gamma  spectrometry  is  the  technique  by 
which  the  intensities  of  the  various  gamma 
energies  emanating  from  a  radioactive  source 
are  measured.  The  technique  can  be  used  for 
qualitative  identification  of  the  components 
of  radionuclide  mixtures,  and  for  quantita- 
tive determination  of  their  relative  abun- 
dance. Thus  it  is  extremely  valuable  in  any 
situation  where  mixtures  of  radioisotopes  are 
present.  Such  situations  arise  in  neutron  ac- 
tivation analysis,  analysis  of  nuclear  fuel 
processing  streams,  analysis  of  corrosion 
products  in  nuclear  reactors,  and  the  like. 

Most  gamma  spectrometers  employ  a 
scintillation  detector,  usually  sodium  iodide 
(thallium-activated)  coupled  to  a  photo- 
multiplier  tube.  The  output  from  this  de- 
tector is  in  the  form  of  electrical  pulses  the 
height  of  which  is  proportional  to  the  amount 
of  energy  transferred  by  an  incident  gamma 
ray  to  the  sodium  iodide  crystal.  The  ac- 
companying instrumentation  can  be  divided 
into  two  general  types:  single-channel  and 
multi-channel  pulse  height  analyzers.  The 
single-channel  instruments  utilize  two  dis- 
criminators to  form  a  "window"  through 
which  pulses  of  a  narrow  energy  range  pass. 
By  continuously  varying  the  base  line  of  the 
"window"  the  entire  spectrum  is  scanned.  In 
the  multi-channel  analyzers  the  spectrum  is 
divided  into  as  many  parts  as  there  are 
channels  and  the  number  of  pulses  falling 
into  each  channel  are  recorded  simultane- 
ously. 

The  multi-channel  analyzers  thus  enable 
one  to  obtain  much  better  precision  in  the 
same  over-all  time  than  is  possible  with  sin- 
gle-channel equipment  and  have  many  ad- 
vantages when  short-lived  nuclides  are  being 
measured.  However,  it  should  be  noted  that 
these  instruments  are  quite  expensive  and 
generally  require  considerable  maintenance. 


A  good  single-channel  instrument  incorpo- 
rating excellent  stability  and  linearity  of 
response  can  be  purchased  for  a  few  thou- 
sand dollars  and  is  quite  satisfactory  for  most 
operations. 

Frequently  problems  arise  in  resolving  the 
spectra  emitted  by  radionuclide  mixtures  be- 
cause of  overlapping  of  photopeaks.  Also, 
depending  on  the  size  of  the  crystal  used  as 
a  detector,  the  low-energy  radiation  pro- 
duced by  Compton  scattering  of  high-energy 
photons  may  be  a  serious  interference.  In 
some  cases  these  interferences  may  be  re- 
moved merely  by  allowing  radioactive  decay 
to  take  place.  More  often,  however,  it  is 
necessary  to  perform  radiochemical  separa- 
tions. Procedures  for  such  separations  have 
been  worked  out  for  most  elements  and  a 
number  of  compilations  are  available.1 
Nearly  all  of  these  use  a  known  amount  of  a 
non-radioactive  isotope  as  a  carrier  for  the 
element  being  separated.  These  procedures 
can  usually  be  adapted  with  only  slight 
modifications  to  any  system  under  study. 
Where  several  elements  must  be  separated 
from  the  same  sample  the  procedure  becomes 
somewhat  more  complex,  but  usually  a  satis- 
factory separation  scheme  can  be  adapted 
from  the  standard  outline  for  qualitative 
analysis.2  Note  that  the  carrier  technique 
makes  it  possible  to  utilize  separations  which 
are  rapid  and  specific  although  they  may  not 
be  completely  quantitative. 

In  theory  it  is  possible  to  calculate  absolute 
disintegration  rates  from  gamma  spectra 
knowing  the  detector  efficiency,  the  geome- 
try, and  the  radioactive  decay  scheme  of  the 
isotope  being  measured.  In  actual  practice, 
however,  the  desired  accuracy  can  be  ob- 
tained much  more  readily  by  comparison  to 
a  standard.  This  is  particularly  true  in  neu- 
tron activation  analysis  where  irradiation  of 
a  standard  together  with  the  unknown  elim- 
inates the  need  for  accurate  knowledge  of 
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neutron  flux  and  absorption  cross-section  in 
addition  to  the  factors  listed  above. 

In  the  companion  article  on  Neutron  Ac- 
tivation Products  Analysis  (Clark)  there  is 
tabulated  the  list  of  chemical  elements  ana- 
lyzable  by  neutron  activation,  the  radioiso- 
tope  formed,  the  half-life,  the  experimental 
sensitivity  in  parts  per  million  and  the  major 
x-ray  peak  or  peaks  in  m.e.v.  units.8 
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MINIATURE  SCINTILLATION  SPECTROMETER 

To  measure  the  uranium-235  content  of 
nuclear  fuel  elements,  in  accordance  with 
AEC  regulations  for  a  4  %  use  charge,  a  low- 
cost  transistorized  spectrometer  weighing 
less  than  50  pounds  has  been  developed  by 
F.  K  White. 

In  counting  7-rays  given  off  by  U288,  the 
device  tells,  in  three  to  five  minutes,  how 
much  isotope  is  present.  Accuracy  is  to 
within  ±0.5  to  1  %.  Two  things  help  bring 
this  about.  With  the  detector  system  con- 
sisting of  sodium  iodide  crystal,  photomulti- 
plier  tube,  and  preamplifier,  AEC  uses  a 
small  "Lucite"  shield  to  absorb  0-radiation. 
It  also  puts  water  coils  around  the  photo- 
multiplier  tube  to  control  temperature. 
Temperature  changes  in  the  tube  throw  off 
the  results. 

If  U21*  is  not  equally  distributed  through 
an  element,  the  element  may  be  scanned  to 
get  an  average  counting  rate  over  its  length. 
The  operator  puts  a  standard  of  known 
weight  and  uranium  content  before  the  de- 
tector, then  the  unknown.  The  standard 
should  have  about  the  same  count  rate  as 
the  unknown.  A  lead  collimator  keeps  geome- 
try constant.  The  analyst  corrects  for  self- 
absorption  and  then  sets  up  a  proportion 
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that  tells  him  how  much  U286  the  unknown 
element  contains. 

Another  method  may  be  used  which  is 
better  for  mass  production,  when  maybe 
every  fifth  fuel  element  must  be  checked. 
Here  the  analyst  uses  three  knowns,  deter- 
mined chemically.  The  second  one  has  a 
higher  count  rate  than  the  first,  the  third 
higher  than  the  second.  Next  he  plots  the 
count  rates  of  the  knowns  against  their  U235 
contents,  which  give  a  linear  curve  over  a 
limited  range.  After  the  operator  finds  the 
count  rate  of  the  unknown,  he  uses  the 
curve  to  find  the  amount  of  U285  in  the  un- 
known. Thus,  a  standard  need  not  be  found 
for  each  test. 


G.  L.  CLARK 


MOSSBAUER  RADIATION 


In  1958  Rudolph  L.  Mossbauer1  an- 
nounced discovery  of  a  new  effect  in  the  emis- 
sion and  absorption  process  for  low-energy 
7-rays.  Since  September  1959  this  effect, 
designated  as  Mossbauer  radiation,  has  been 
confirmed  in  other  laboratories.  Most  signifi- 
cant is  the  fact  that  the  7-radiation  involved 
has  a  frequency  which  is  more  stable  by 
many  orders  of  magnitude  than  the  best 
atomic  clocks  available  today  (see  articles 
under  Microwave  Spectroscopy).  For  a  de- 
tector, an  absorber  is  employed  which  is  simi- 
lar to  the  radiator  in  that  its  absorption  ef- 
fect exists  over  the  extremely  small  frequency 
range  of  the  radiator.  The  experimental  tech- 
nique is  explained  by  Kock2  in  a  splendid  re- 
view article. 

When  the  radiator  is  stationary  relative 
to  the  absorber,  the  frequency  of  the  radiated 
7-ray  and  that  of  the  absorber  are  identical 
and  the  counter  reads  a  relatively  low  value. 
If,  now,  the  radiator  is  set  in  motion  relative 
to  the  absorber,  a  Doppler  shift  is  imparted 
to  the  radiated  electromagnetic  wave  and 
the  two  frequencies  differ.  The  "stop  band" 
of  the  absorber  "filter"  is  no  longer  effective 
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at  the  Doppler  shifted  frequency,  and  the 
counter  reads  a  higher  value  than  before. 

From  the  velocity  of  the  radiator  as  meas- 
ured experimentally,  the  amount  of  Doppler 
frequency  shift  is  known,  and  the  frequency 
characteristics  of  the  source  and  abscrber 
can  be  ascertained.  The  measured  line  half- 
width  of  the  7-ray  of  the  isotope  of  iron-57, 
as  measured  by  R.  V.  Pound  and  G.  A. 
Rebka,  Jr.,  of  Harvard  University,2  corre- 
sponds to  a  source  velocity  of  0.017  cm/sec. 
When  one  considers  that  the  velocity  of  light 
is  3  X  1010  cm/sec,  the  remarkable  frequency 
stability  of  the  7-ray  is  evident.  A  velocity 
of  one  million  millionth  that  of  light  has 
shifted  the  radiating  frequency  an  apprecia- 
ble amount  from  the  absorber  "filter"  band. 
The  center  frequency  of  the  line  is  1012  times 
the  line  width;  if  a  regulation  capability  of 
one  thousandth  of  the  line  width  (the  capa- 
bility normally  achieved  in  present  atomic 
clocks)  is  assumed,  "the  least  count'  in  the 
Pound  and  Rebka  experiment  is  about  3 
parts  in  1016".' 

It  is  immediately  apparent  that  this  dis- 
covery has  provided  the  experimental  phys- 
icist with  a  new  and  powerful  tool.  At  Har- 
vard8 and  at  Harwell,  England4  proof  already 
has  been  obtained  on  the  gravitational  red 
shift  predicted  by  relativity  theory,  accord- 
ing to  which  a  clock  2000  miles  above  the 
earth  would  differ  from  an  identical  clock 
on  earth  by  1  second  in  500  years.  However 
only  a  slight  difference  in  height  is  needed 
at  constant  temperature  for  shifting  the  fre- 
quency of  one  device  relative  to  the  other 
in  the  Mdssbauer  effect. 

Points  of  great  interest  are  how  such  a 
narrow  line  of  radiation  can  occur,  and  why 
it  has  not  been  observed  before.  The  7-rays 
under  consideration  are  emitted  by  nuclei, 
and  normally  the  nucleus  would  experience 
a  recoil  upon  emission  of  the  7-ray,  thereby 
causing  the  frequency  of  the  ray  to  be  shifted 
by  various  amounts. 

Mdssbauer  considered  the  possibility  that 
a  nucleus  held  by  the  strong  binding  forces 


in  a  crystal  lattice  might  cause  the  entire 
crystal  lattice  to  absorb  the  recoil,  and  that 
this  sharing  of  the  recoil  among  huge  num- 
bers of  atoms  would  permit  the  observed 
line  width  to  be  limited  only  by  the  length 
of  the  wave  train,  for  example,  of  an  iron-57 
photon  which  has  roughly  1012  waves,  its  fre- 
quency being  3  X  1018  cycles  per  second  and 
its  half-life  10~~7  second.  From  the  uncer- 
tainty relation  A7AJ  «  1,  one  arrives  at  the 
half-line  width  of  1  part  in  1012.  The  crystal 
recoil  effect  is  also  present  in  the  absorber; 
its  nuclei  are  accordingly  in  exact  resonance 
with  the  unshifted  line  from  the  source. 
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NEUTRON  ACTIVATION  PRODUCTS 
ANALYSIS 

The  most  rapidly  progressing  technique  of 
chemical  analysis  for  extremely  minute 
traces  to  ppb  (parts  per  billion)  of  chemical 
elements  employs  a  beam  of  neutrons  for 
activation  of  isotopes  which  can  then  be 
identified,  with  counters,  by  the  radioactive 
characteristics  of  the  new  nuclear  species. 
Conventional  analysis  employs  activation, 
followed  by  addition  of  carriers  and  hold- 
back carriers,  and  then  by  regular  wet  chem- 
ical separations  before  counting.  While 
extremely  sensitive,  the  chemical  operations 
are  time-consuming  and  the  time  delay  pre- 
cludes the  utilization  of  many  short-lived  ac- 
tivities developed  in  the  sample.  This  is 
avoided  in  many  cases  by  a  direct  instru- 
mental approach  involving  rapid  identifica- 
tion by  jS-ray  energy  and  half-life,  or  by  7-ray 
spectrometiy.  An  excellent  typical  example 
of  the  method  routinely  used  in  an  industrial 
laboratory  is  described  by  Guinn  and  Wag- 
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ner.4  The  basic  equation  of  activity,  A* ,  in 
disintegrations  per  second  at  zero  decay 
time,  generated  per  gram  of  element  by  ex- 
posure to  a  thermal  neutron  flux,/,  (neutrons 
sec"1  cm*"2)  for  a  period  of  time  ti  is 

-0.693  ti\ 


A* 


—  exp  • 


where  N  is  the  number  of  target  nuclei  per 
gram  of  element,  capable  of  forming  the 
radioisotope  in  question  by  the  (n,  7)  reac- 

TABLB  1 


Ele- 
ment 

Radio- 
isotope 
Penned 

Half-Life 

PPM 
Exptl. 

Major  7-Peaks  m.e.v. 

Na 

Na" 

15k 

6.4 

1.37,  2.75 

Mg 

Mg" 

9.5m 

82 

0.84 

Al 

Al*8 

2.3m 

2.4 

1.78 

Cl 

Cl« 

37m 

6.8 

1.59,2.16 

E 

K4* 

12.  5h 

150 

1.53 

Ca 

Ca40 

8.7m 

270 

3.10 

Ti 

Ti11 

5.8m 

40 

0.32 

V 

yw 

3.8i 

0.20 

1.44 

Cr 

Cr*1 

27d 

1300 

0.32 

Mn 

Mn" 

2.6d 

0.12 

0.84 

Co 

Co'0™ 

10.5m 

0.45 

0.059 

Ni 

Ni" 

2.6h 

320 

0.39,  1.10,  1.49 

Cu 

Cu" 

13h 

4 

0.51 

Cu" 

5.1m 

1.04 

Zn 

Znffm 

14h 

370 

0.44 

As 

As" 

27h 

5.2 

0.56 

Br 

Bi*8 

18m 

1.4 

0.51,  0.62 

Br81 

36h 

0.55-0.83 

Mo 

Mo"1 

15m 

14 

0.19 

Tc"1 

15m 

0.30 

Ru 

Ru"» 

4.5h 

38 

0.73 

Rh"* 

37h 

0.32 

Ag 

Ag"* 

2.3m 

1.2 

0.63 

In 

In1" 

54m 

0.081 

0.41,1.09,1.27 

Sn 

Sn1" 

40m 

40 

0.15 

Snm 

9.5m 

0.33 

Sb 

Ski** 

3.5m 

8.9 

0.061,  0.075 

Sbm 

0.56 

I 

I«8 

25m 

1.0 

0.45 

Re 

Re188m 

20m 

0.5 

0.06 

Re188 

17h 

0.16 

W 

W"7 

24h 

3.5 

0.07,  0.13,  0.48- 

0.69 

Pt 

Pt"' 

30m 

17 

0.074,0.020,0.54 

Au 

Au"» 

3.  Id 

Au"8 

2.7d 

1.3 

0.41 

tion;  v  is  the  isotopic  thermal  neutron  cap- 
ture cross  section,  in  square  centimeters  per 
nucleus  (tabulated  in  reference  6);  and  U*  is 
the  half-life  of  the  radioisotope  formed.  The 
irradiation  time  is  also  a  very  useful  parame- 
ter for  simplification  of  the  7-ray  spectrum 
produced  by  a  complex  sample;  brief  irradi- 
ation, followed  by  rapid  counting,  produces 
a  spectrum  in  which  the  short-lived  activities 
predominate,  while  a  longer  time  of  irradia- 
tion followed  by  a  long  decay  time  before 
counting  accentuates  the  longer-lived  ac- 
tivities. In  the  work  referred  to  above,  the 
neutron  flux  of  108  is  provided  by  bombard- 
ment of  a  beryllium  block  with  3  mev  elec- 
trons (Be9  (x,  ri)  ->  2He4).  The  7-ray  spectra 
are  obtained  by  amplifying  the  output  of  a 
scintillation  counter  and  feeding  the  ampli- 
fied pulses  to  a  100-channel  pulse  height 
analyzer.  Rapid  and  successful  analyses 
are  made  of  polymers  for  chlorine,  organic 
ethers  for  bromine,  petroleum,  cracking 
catalysts  for  Al  and  Mg,  reforming  catalysts 
for  Al,  Pt  and  Cl,  dehydrodesulfurization 
catalysts,  inhibited  sulfuric  acid  for  Na,  As, 
and  Mn.  Other  recently  reported  analyses 
are  for  silicon  carbide,5  aluminum-base  al- 
loys,1 arsenic  in  reforming  catalysts,7  halides 
in  ZnS  phosphors,2  and  trace  impurites  in 
tungsten.8  For  convenience,  Table  1,  from 
the  work  of  Guirm  and  Wagner,  presents  the 
list  of  chemical  dements  analyzable  by  neu- 
tron activation,  the  radioisotope  formed,  the 
half-life  in  minutes  (m),  hours  (h)  or  days 
(d),  the  experimental  sensitivity  (which  in 
some  cases  varies  from  theoretical)  in  parts 
per  million  and  the  major  7-spectrum  peak 
in  mev  units. 
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PARTICLE  SIZE  ANALYSIS  BY  <y-RAY 
ABSORPTIOMETRY* 

An  interesting  application  of  7-ray  or  X- 
ray  absorptiometry  is  the  rapid  size  analysis 
of  sub-sieve  particles.  In  sedimentation 
methods  of  size  analysis,  the  laborious  pro- 
cedure of  sampling  the  suspension  at  various 
times  can  be  replaced  by  a  continuous  meas- 
urement based  on  the  attenuation  of  7-rays 
or  X-rays  from  a  monoenergetic  source.  As 
particles  settle  from  a  uniform  suspension, 
their  concentration  at  a  fixed  depth  is  de- 
termined by  measuring  the  transmittance  of 
the  suspension.  A  scintillation  crystal,  con- 
nected through  a  photomultiplier  circuit  to 
a  count  rate  meter  and  recorder,  can  be 
used  to  measure  the  intensity  of  the  emerging 


beam.  For  particles  of  a  given  composition, 
the  absorption  depends  only  on  the  mass  of 
the  particles  in  the  beam.  Hence  the  settling 
rate  curve  can  be  converted  directly  to  a 
standard  curve  of  fraction  undersize  versus 
Stokes*  law  diameter. 

A  source  of  americium-241  provides  a  7- 
beam  that  is  especially  suitable  for  analyzing 
particles  of  heavy  metals  or  heavy  metal 
compounds.  Uranium  oxide  particles  5  to  50 
microns  in  diameter  at  initial  concentrations 
of  8  to  20  grams  per  liter  of  water  were  ana- 
lyzed with  this  source.1 

Lighter  particles  (fly  ash,  iron  oxide,  bis- 
muth oxide)  from  7  to  76  microns  in  diameter 
and  in  concentrations  of  2  to  3  grams  per 
liter  have  been  analyzed  by  means  of  X-ray 
absorption.2 
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The  nature  of  the  radiation  emitted  by  a 
hot  body  is  one  of  the  classic  problems  of 
physics.  The  correct  explanation  of  black- 
body  emission  in  the  celebrated  Planck  radi- 
ation law  is  a  triumph  of  modern  physics  and 
forms  the  cornerstone  of  quantum  me- 
chanics. Early  in  the  history  of  infrared  spec- 
troscopy  emission  spectra  were  studied  as 
enthusiastically  as  absorption  spectra.  Later 
investigators  neglected  emission  studies, 
partly  because  of  the  challenge  presented  by 
the  spectacular  fine  structure  to  be  resolved 

*  Information  developed  during  the  course  of 
work  under  contract  AT(07-2)-l  with  the  U.  S. 
Atomic  Energy  Commission. 


and  explained  in  absorption  spectra,  and  per- 
haps partly  because  obtaining  a  meaningful 
emission  spectrum  requires  accurate  in- 
tensity measurements,  which  are  very  dif- 
ficult. 

In  recent  years,  a  new  interest  has  grown 
in  thermal  emission  phenomena.  To  a  great 
extent  the  reasons  for  this  interest  are  found 
in  the  need  for  data  by  the  designers  and 
analysts  of  military  devices  involving  heat 
transfer.  As  an  example,  high  speed  aircraft 
and  missiles  become  very  hot  by  frictional 
heating  and  it  is  desirable  to  cover  their  sur- 
faces with  a  highly  emissive  coating  to  aid 
in  cooling. 
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The  standard  emitter  of  thermal  radia- 
tion is  the  ideal  black  body  which,  by  defini- 
tion, absorbs  all  radiant  energy  falling  on  it. 
The  power  radiated  from  unit  area  of  a  black 
body  at  temperature  T  in  the  wavelength 
interval  between  X  and  X  +  <fX  is  given  by 
Planck's  equation 


/(X,  T)  d\  « 


dx 


(Planck  radiation 
law) 


with  ci  »  3.740  X  10~12  watt-cm2,  c2  = 
1.438  cm  degrees;  X  and  T  are  in  centimeters 
and  degrees  Kelvin,  respectively.  This  equa- 
tion is  closely  approximated  by  the  older 
equations  of  Wien  and  of  Rayleigh  and  Jeans 
for  sufficiently  low  and  high  values,  re- 
spectively, of  XT: 


J(\  T)  d\  -  ~ 

A 


m 

J(\,  T)dK**  — 


d\     (Wien  radiation  law) 


(Rayleigh-Jeans     radiation 
law) 


The  total  power  radiated  per  unit  area  by  a 
black  body  is  given  by  the  Stef  an-Boltzmann 
law 

J(T)  -  *T*,      e  -  5.669  X  l(Tl»  watt/cm*  degree* 
(Stefan-Boltzmann  law) 

which  can  be  obtained  from  the  Planck  law 
but  which  was  derived  from  thermodynamics 
much  earlier.  The  spectral  distribution  of 
radiation  from  a  black  body  has  a  maximum 
at  a  wavelength  X*  the  temperature  depend- 
ence of  which  is  described  by  the  Wien  dis- 
placement law 

\*T  «  constant 

(Wien  displacement  law) 

The  value  of  the  constant  depends  on  the 
way  in  which  the  spectral  radiation  density 
is  defined.  Its  value  is  0.2897  cm  degree  for 
maximum  radiation  per  unit  wavelength  in- 
terval and  0.5098  cm  degree  for  unit  fre- 
quency interval. 
The  radiant  power  emitted  per  unit  area 
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by  an  ideal  black  body  at  a  given  wavelength 
can  be  approached  but  never  surpassed  by  a 
real  body  at  the  same  temperature.  The 
emittance  of  a  body  at  a  given  wavelength 
is  defined  as  the  ratio  of  the  power  emitted 
per  unit  area  of  the  body  to  the  power 
emitted  per  unit  area  by  a  black  body  at  the 
same  temperature.  In  general,  the  emittance 
can  vary  with  temperature  as  well  as  with 
wavelength.  The  characteristics  of  an  ideal 
black  body  can  be  closely  approximated  by 
an  artificial  black  body  which  usually  takes 
the  form  of  an  enclosure  (hohlraum)  with  a 
small  opening  through  which  radiation  is 
sampled.  The  extent  of  departure  from  ideal- 
ity of  such  a  body  can  be  calculated  in  terms 
of  its  geometry,  relative  size  of  the  opening, 
and  the  reflectivity  of  the  wall  material.  Car- 
bon is  a  convenient  construction  material, 
has  high  emittance,  and  can  be  heated  elec- 
trically. 

The  relationship  between  emission,  ab- 
sorption, and  reflection  is  given  by  Kirchoff's 
law  which  states  that  the  emittance  of  a 
body  is  equal  to  the  absorptance,  i.e.  the 
fraction  of  incident  radiation  absorbed  by 
the  body.  But  absorptance  can  be  defined  in 
terms  of  transmittance  and  reflectance. 
Hence,  the  emittance  of  an  opaque  substance 
can  be  determined  from  its  reflectance.  An 
important  consequence  of  Kirchoff's  law  is 
that  the  emittance  of  a  specimen  which  is 
not  opaque  depends  on  its  teansmittance  and 
therefore  on  its  thickness.  Lambert's  cosine 
law  states  that  the  energy  emitted  per  unit 
solid  angle  from  a  plane  surface  is  propor- 
tional to  the  cosine  of  the  angle  between  the 
direction  of  emission  and  the  normal  to  the 
surface.  This  is  a  geometrically  derived  ex- 
pression which  is  true  for  most  materials  for 
angles  not  too  large,  but  at  large  angles  devir 
ations  occur,  in  part  because  the  reflectance 
of  surfaces  becomes  great  for  large  angles  of 
incidence.  The  surface  condition  of  a  speci- 
men also  plays  an  important  role  in  de- 
termining its  emittance,  largely  through  the 
effect  on  reflectance. 
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There  are  a  number  of  approaches  to  the 
measurement  of  infrared  emission  spectra. 
Perhaps  the  most  direct  method  is  to  place 
the  specimen,  with  its  heating  apparatus,  in 
a  single  beam  spectrometer  in  place  of  the 
usual  source  and  record  the  signal  obtained 
as  wavelength  is  scanned.  The  record  ob- 
tained will  not  be  the  true  emission  spec- 
trum of  the  sample  because  of  the  influence 
of  the  spectrometer  itself,  due  to  such  factors 
as  variation  in  spectral  band  width  with 
dispersion,  absorption  by  the  prism  and  by 
atmospheric  water  vapor  and  carbon  dioxide, 
optical  aberrations,  and  variations  in  detector 
sensitivity,  all  of  which  are  dependent  on  the 
wavelength.  These  effects  can  be  eliminated 
and  at  the  same  time  a  true  emiUance  spec- 
trum obtained  by  recording  the  emission 
from  a  black  body  under  the  same  instru- 
mental conditions  and  plotting  the  ratio  of 
the  signals  obtained  for  the  sample  and  for 
the  black  body  as  a  function  of  wavelength. 

The  advantages  of  double  beam  spectros- 
copy  can  be  exploited,  in  principle,  by  plac- 
ing the  specimen  in  the  sample  beam  and  a 
black  body  in  the  reference  beam  of  a  double 
beam  instrument  and  recording  the  emit- 
tance  spectrum  directly,  with  instrument 
and  atmospheric  effects  automatically  can- 
celed from  the  spectrum.  There  are  practical 
complications  in  the  double  beam  approach 
because  of  the  necessity  for  adjusting  the 
sample  and  reference  beams  for  equal  trans- 
mission. This  can  be  done,  for  example,  by 
mounting  a  black  body  in  each  beam.  A 
compromise  between  the  single-  and  double- 
beam  methods  employs  a  double-beam  in- 
strument in  which  first  the  emission  from  the 
specimen  and  then  the  emission  from  the 
black  body  are  recorded  relative  to  the  usual 
spectrometer  source.  These  records  will  be 
free  from  the  sharp  absorption  lines  of  at- 
mospheric water  vapor  and  their  ratio  will 
be  more  easily  plotted  than  in  the  true  single 
beam  method  despite  severe  demands  made 
on  the  stability  of  the  source. 

An  inidrect  method  for  the  determination 


of  the  emittance  of  a  specimen  which  is 
known  to  be  opaque  is  to  measure  the  reflect- 
ance of  the  heated  specimen  from  which  its 
emittance  can  be  deduced  using  Kirchoff's 
law,  emittance  =  1  —  reflectance.  It  is 
necessary  to  differentiate  between  reflected 
and  emitted  radiation  from  the  sample.  This 
can  be  done  by  recording  spectra  with  and 
without  the  spectrometer  source  or  by  utiliz- 
ing an  instrument  with  a  radiation  chopper 
located  between  the  source  and  the  speci- 
men, so  the  emitted  radiation  will  not  be 
modulated  and  therefore  not  detected.  In 
principle,  the  reflectance  method  can  be 
used  for  transmitting  samples  as  well  as 
opaque  ones,  provided  the  transmittance  can 
be  determined.  In  this  case  emittance  =  1 
—  apparent  transmittance  —  apparent  re- 
flectance. The  apparent  transmittance  is  less 
than  the  true  transmittance  and  the  appar- 
ent reflectance  is  greater  than  the  true 
reflectance  because  of  internal  reflections 
within  the  specimen. 

Solid  specimens  are  usually  heated  either 
electrically  or  with  a  flame.  Conducting  or 
semi-conducting  materials  can  be  electrically 
heated  by  direct  conduction.  Non-conductors 
can  often  be  coated  on  conducting  metal 
strips  and  heated  by  contact  with  the  hot 
metal,  although  in  the  case  of  non-opaque 
specimens  the  effect  of  radiation  from  the 
metal  surface  must  be  considered.  Materials 
which  will  not  adhere  to  large  heated  sur- 
faces can  sometimes  be  applied  to  fine  me- 
tallic screens  and  heated  electrically.  Flames 
can  be  used  to  heat  specimens  of  various 
forms  either  directly  or  indirectly.  Emission 
from  the  flame  itself  must  be  taken  into  con- 
sideration if  it  can  be  intercepted  by  the  spec- 
trometer. Fine  metallic  or  ceramic  screens 
can  also  be  heated  by  a  flame,  but  it  is  often 
convenient  to  coat  a  combustible  fabric  with 
the  specimen.  The  supporting  material  is 
then  burned  away  leaving  a  fine  delicate 
mesh  of  the  specimen  itself.  The  Welsbach 
mantle  is  made  in  this  way,  with  thorium 
oxide  as  the  emitting  material.  Induction 
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heating  in  radio-frequency  fields,  heating  by 
solar  or  other  high  intensity  radiation,  and 
heating  in  a  plasma  jet  are  also  potentially 
useful  methods  for  the  production  of  emis- 
sion spectra.  Emission  studies  are  not  re- 
stricted to  high  temperatures.  Modern  engi- 
neering often  requires  data  for  calculating 
radiant  heat  transfer  between  cold  objects, 
for  example  between  artificial  satellites  and 
the  sky.  Laboratory  measurements  of  low 
temperature  emittance  are  made  with  re- 
frigerated samples  and  reference  bodies, 
care  being  taken  that  objects  in  the  optical 
system,  such  as  warm  choppers,  do  not  in- 
terfere. 

The  foregoing  discussion  has  been  phrased 
in  terms  of  emission  from  solid  bodies. 
Gaseous  samples  also  provide  meaningful 
infrared  emission  spectra,  however  of  a 
somewhat  different  nature.  The  thermal 
emission  spectra  of  solid  bodies  are  derived 
largely  from  the  thermal  motion  of  electrons 
modified  by  the  vibrations  of  molecules  and 
crystal  lattices,  if  any,  and  usually  are  some- 
what structureless  with  broad,  undetailed 
bands.  On  the  other  hand,  emission  from 
gases  in  the  infrared  arises  mostly  from  the 
transitions  between  vibrational  and  rota- 
tional energy  states.  Hence  emission  spectra 
of  thin  layers  of  gas  consist  of  narrow  lines 
separated  by  regions  of  relatively  low  emit- 
tance. For  sufficiently  thick  layers  of  gas  the 
transmittance  vanishes  even  at  wavelengths 
of  rather  weak  absorptivity.  Since  the  re- 
flectance of  a  gas  is  negligible,  Kirchoff's  law 
tells  us  that  thick  layers  of  gas  emit  as  black 
bodies,  and  indeed  our  sun  is  a  black  body. 

Applications  of  infrared  emission  spectros- 
copy  of  gases  can  be  divided  into  two  general 
categories.  One  is  concerned  with  qualitative 
identification  of  species  existing  in  reaction 
systems,  such  as  flames  or  electrical  dis- 
charges, in  much  the  same  way  as  absorption 
spectroscopy  is  used.  Sometimes  rapid  scan- 
ning spectrometers  are  used  to  follow  the 
course  of  fast  reactions.  The  other  applica- 
tion is  the  measurement  of  the  temperature 
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of  gaseous  systems  too  hot  for  ordinary 
thermometry.  Most  temperature  measure- 
ments are  based  on  one  of  two  general  prin- 
ciples, each  of  which  can  be  applied  in  a 
number  of  ways.  The  first  approach  is  to 
use  the  radiation  laws  and  a  comparison 
black  body.  As  one  example  of  many  such 
techniques,  in  the  "reversal"  method,  radia- 
tion from  a  black  body  is  allowed  to  pass 
through  the  hot  gas  and  is  then  chopped 
and  focused  on  the  spectrometer.  From 
Kirchoff's  law,  if  the  temperature  of  the 
black  body  is  adjusted  to  equal  the  tempera- 
ture of  the  gas,  the  absorption  by  the  gas 
will  be  just  balanced  by  its  emission  and 
neither  absorption  nor  emission  lines  will  be 
observed.  The  other  general  approach  to 
temperature  measurement  of  hot  gases 
makes  use  of  the  proportionality  between  the 
number  of  molecules  in  a  given  energy  state 
and  the  Boltzmann  factor,  .6~*n/*:r,  where 
En  is  the  energy  of  the  state,  k  is  Planck's 
constant,  and  T  is  the  absolute  temperature. 
The  intensity  of  an  emission  line  is  propor- 
tional to,  among  other  things,  the  number 
of  molecules  in  the  energy  state  responsible. 
Therefore,  if  a  spectrum  can  be  analyzed  in 
sufficient  detail  to  correlate  its  lines  with  the 
rotational  or  vibrational  states  of  the  mole- 
cule it  is  theoretically  possible  to  determine 
the  temperature  from  a  measurement  of  the 
intensities  of  some  of  the  emission  lines.  In 
practice  there  are  many  difficulties  associ- 
ated with  these  measurements.  To  name  a 
few,  the  effects  of  self  absorption  must  be 
accounted  for;  quite  high  resolution  is  re- 
quired to  obtain  meaningful  intensities  of 
narrow  rotational  lines;  other  factors  in  the 
expression  for  emission  line  intensities  need 
to  be  determined;  and  finally,  if  the  gas  does 
not  constitute  an  equilibrium  syrtem  the 
concept  of  "temperature"  becomes  ambigu- 
ous and  different  values  may  be  obtained 
depending  on  the  system  of  emission  lines 
measured. 

Infrared  emission  from  hot  liquids  has  re- 
ceived even  less  attention  than  solids  and 
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gases.  Emission  spectra  of  liquids  can  be 
observed  by  heating  a  thin  film  between 
transparent  windows.  Emission  from  liquid 
films  originates  in  the  molecular  vibrational 
transitions  and  the  spectra  are  intermediate 
in  character  between  the  broad  features  of 
solid  spectra  and  the  sharp  lines  of  gases. 
The  emission  of  a  thick  liquid  layer  ap- 
proaches that  of  a  black  body,  just  as  in  the 
case  of  gases. 
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AMINES  (PRIMARY  AROMATIC)  STRUCTURES 

As  part  of  their  pioneering  work  dealing 
with  the  near-infrared  spectral  region,  Wulf 
and  IMdel1' 8  investigated  the  first  overtone 
N— H  bands  of  several  primary  amines.  In- 
strumental limitations  prevented  them  from 
studying  thecombination  N — H  bands,  which 
occur  near  2  microns.  These  near-infrared 
bands  received  little  further  attention  until 
recently,  when  the  overtone  and  combination 
N— H  bands  of  aniline  and  39  of  its  ring- 
substituted  derivatives  were  investigated.2 
This  study  resulted  in  the  development  of 
several  relations  between  the  positions  and 
the  intensities  of  the  N— H  bands  and  the 
structures  of  the  amines.  A  discussion  of 
these  spectra-structure  relations  follows. 

The  compounds  which  were  studied  are 
listed  in  Table  1.  Data  on  the  positions  and 
the  intensities  of  the  overtone  and  combina- 
tion N — H  bands  of  the  compounds  are 


summarized  in  Table  2.  The  data  were  ob- 
tained with  carbon  tetrachloride  solutions 
containing  1  %  or  less  of  the  amines  (0.1  M 
or  less). 

Frequency-Structure  Relations.  Com- 
pounds with  strong  electron-withdrawing 
substituents  fall  at  the  upper  ends  of  the  fre- 
quency ranges  shown  in  Table  2  and  those 
with  strong  electron-donating  substituents 
fall  at  the  lower  ends.  For  a  given  band  of 
meta-  and  para-stubstituted  compounds, 
two  linear  relations  exist  between  frequency 
and  the  values  of  Hammett's  substituent 
constants,  <r  or  <rp*.  One  relation  holds  for 
negative  values  of  <r  (electron-donating 
groups),  and  another  of  considerably  smaller 
slope  holds  for  positive  values  of  <r.  By  using 
a  combination  of  Brown's  o+  values  and 
Hammett's  <r  (or  rp*)  values,  however,  a 
single  linear  relation  fits  the  data  for  all 
meta-  and  para-substituted  compounds. 
This  relation  for  the  first  overtone  symmetric 
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TABLE  1.  RING-SUBSTITUTED  ANILINES 


Meta-  and  Pan-Substituted 
Compounds 


Substituent 


Substituent 


1  jp-N(CjHs)i            25  o-SCHjb 

2  |p-NHj                     26  '2-CHa-4-N(C2Hfi)2 

3  ;p-OCjHi                 27  .'o-OCsEU 

4  p-OCH,                   28  2,5-(6c4H9-n)2 

5  !p-CH»                    29  2,5-(OCjH5)j 

6  jp-SCH,*                 30  Jo-OCH, 

7  p-CHjCH8OH        31  !2,5-(OCH3)2-4-Cl 

8 

None                    ;  32  i2,5-(OCH3)j 

9 

m-CH,                 ,  33  ;2,4,6-Cl, 

10 

p-CtHs                   34  !o-SOsCHj 

11 

3,5-(CH,)i           |  35  !o-Br 

12 

p-Cl                       36 

0-CH3 

13 

m-OCjHi                37  2,4,5-Cl3 

14 

m-Br                       38  |2,4-a2 

15 

w-COCH,               39  o-Cl 

16 

m-Cl                       40 

o-N02 

17 

p-SCN 

18 

m-CF, 

19 

ro-NO* 

20 

p-COCHa 

21 

p-SOjCH, 

22 

p-COOH 

23 

p-CN 

24 

p-NO, 

*  Purity  of  this  compound  only  92%. 
b  Purity  of  this  compound  only  87%. 

stretching  band  is  shown  in  Figure  1.  Equa- 
tions 1-4  in  Table  3  describe  this  line  and 
similar  ones  obtained  for  the  other  bands. 

Attempts  to  relate  the  frequencies  of 
ortho-substituted  anilines  with  Taft's  <rortho 
constants,  or  with  the  sum  of  these  values 
and  Brown's  <r+  values  in  cases  of  multiple 
substitution,  were  unsuccessful. 

Frequency-Frequency  Relations.  The 
frequencies  of -the  various  N— H  bands  of 
meta-  and  para-substituted  anilines  are 
linearly  related.  The  relation  between  the 
symmetric  and  the  asymmetric  first  over- 
tone bands  is  shown  in  Figure  2.  Equations 
5-8  in  Table  3  describe  this  relation  and 
similar  ones  for  other  pairs  of  bands. 

386 


The  relations  found  between  various  pairs 
of  frequencies  for  meta-  and  para-substituted 
compounds  are  valid  for  compounds  having 
a  methyl  group  ortho  to  the  amino  group, 
but  not  for  those  having  other  ortho  sub- 
stituents. For  example,  the  first  overtone 
asymmetric  frequencies  of  ortho-substituted 
anilines  are  10  to  20  cm""1  higher,  with  respect 
to  the  symmetric  frequencies,  than  those 
of  meta-  and  para-substituted  compounds 
(Figure  2).  Similarly,  the  overtone  stretching 
frequencies  are  high  with  respect  to  the 
combination  frequencies,  and  the  second 
overtone  frequencies.  In  the  case  of  the  first 
overtone  asymmetric  and  combination  fre- 
quencies, a  reasonably  good  linear  relation 
also  exists  for  the  ortho-substituted  com- 
pounds (equation  9,  Table  3). 

Intensity-Structure  and  Intensity- 
Frequency  Relations.  The  molar  absorp- 
tivities  of  the  first  overtone  symmetric  bands 
vary  from  1.15  to  1.76,  the  majority  of  the 
values  falling  between  1.21  and  1.35.  Substi- 
tution of  any  type,  with  the  exception  of 
o-bromo  and  m-ethoxy  groups,  results  in 
stronger  absorption  relative  to  that  of  ani- 
line. This  effect  is  most  pronounced  with 
4-biphenylamine,  polychlorinated  anilines, 
and  compounds  with  strong  electron-attract- 
ing groups  in  the  meta  or  para  position. 

The  first  overtone  asymmetric  stretching 
band  of  aniline  has  a.  molar  absorptivity  of 
0,16.  Electron-donating  substituents  in  the 
meta  or  para  position  have  little  effect  on 
the  intensity  of  this  band.  Electron-with- 
drawing substituents,  however,  increase  the 
intensity  sharply,  the  relation  between  in- 
tensity and  ff  being .  approximately  linear 
(equation  10,  Table  3).  o-Alkoxy  substitu- 
ents weaken  the  asymmetric  band,  but 
o-halo,  o-methylsulfonyl,  and  o-nitro  sub- 
stituents strengthen  the  band  considerably. 
The  intensity  of  the  combination  band  is 
linearly  related  to  the  electronic  nature  of 
meta  and  para  substituents,  as  described  by 
equation  11  in  Table  3.  Since  both  the  fre- 
quency and  the  intensity  increase  linearly 
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TABLE  2.  PosmoKs  AND  INTENSITIES  OF  THE  OVEBTONE  AND  COMBINATION  N— H 
BANDS  OP  RING-SUBSTITUTED  ANILINES 


Combination 

!•*  Overtone 
Symmetric 

!•*  Overtone 
Asymmetric 

2nd  Overtone  Symmetric 

Frequency,  cmr1 

Range 

5104^5045 

6791-6609 

6982-6850 

9970-9662 

Average 

5071.5 

6701.9 

6913.4 

9810.6 

Std.  Dev. 

16.0 

21.2 

31.7 

34.8 

Wave  Length,  m/* 

Range 

1959-1982 

1472-1513 

1432-1460 

1003-1035 

Average 

1971.9 

1492.2 

1446.5 

1019.3 

Std.  Dev. 

6.2 

4.7 

6.7 

3.7 

Molar  Absorptivity* 

Range 

1.23-2.65 

1.15-1.76 

0.13-0.43 

0.02&-0.047 

Average 

1.75 

1.35 

0.204 

0.036 

Std.  Dev. 

0.37 

0.14 

0.075 

0.006 

•  Units  are  liter/mole-cm.;  dilute  solutions  in  carbon  tetrachloride;  background  absorbances  at  1915, 
1575, 1410-1420,  and  1075  nip  were  subtracted  from  the  peak  absorbances  of  the  combination,  first  over- 
tone symmetric,  first  overtone  asymmetric,  and  second  overtone  symmetric  bands,  respectively,  before 
the  absorptivities  were  calculated. 


6740- 


-L2 


-0.8 


-0.4  0.0        ^  0.4 

0"       or    OTp 
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FIG.  1.  First  overtone  N-H  symmetric  stretching  frequency  vs.  Brown's  <r+  and  Hammett's  <rp*  con- 
stants  for  ra-  and  ^-substituted  anilines.  (See  Table  1) 


with  <7,  the  intensity  of  the  combination 
band  should  also  increase  linearly  with  fre- 
quency. The  bottom  line  in  Figure  3  shows 
that  lids  relation  holds  reasonably  well  for 
meta-  and  para-substituted  anilines.  Some- 
what surprisingly,  the  intensity-frequency 
relation  for  ortho-substituted  anilines  is  also 


linear  (top  line,  Figure  3),  although  the  re- 
lation is  not  the  same  as  the  one  for  meta- 
and  para-substituted  compounds.  Equations 
12  and  13  in  Table  3  describe  the  two  lines 
in  Figure  3. 

Miscellaneous*  The  average  ratio  of  ab- 
sorptivities of  the  first  and  second  overtone 
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TABLE  3.  SPECTBA-STBUCTTTBB  RELATIONS  FOB  THE  N— H  BANDS  OP  RING-SUBSTITUTED  ANILINES 


No.  ! 

Equation 

Std. 
Dev.a 

Correla- 
tion Co- 
efficient 

Substit- 
uents 

1 

n*0  t  .ym.  ,  cm.-1  »  41.3  a*  (or  <rp*)  +  6697.4 

2.9 

0.992 

m,p 

2 

ri'Vt.  «,m.  ,  cm.-'  -  52.2  a*  (or  <rp*)  +  6902.2 

3.1 

0.994 

m,p 

3 

Feomb.  ,  cm.-1  «  24.8  <r+  (or  o-,*)  +  5074.0 

2.6 

0.985 

m,p 

4 

*•*•.».  .y».  ,  cmr1  -  69.7  <r+  (or  <rp*)  +  9802.2 

5.7 

0.989 

m,p 

5 

Fl*o.  .  ,ym.  -  0.790  (*irto.t.  «ym.  -  6911.0)  +  6704.3 

3.2 

0.993 

m,p 

6 

Fi«o.  .  .ym.  -  L58  (Feomb.  -  5077.6)  +  6704.3 

4.6 

0.983 

m,p 

7 

Pi-..  .  «ym.  «   L98  (Pcomb.  -  5077.6)  +  6911.0 

6.7 

0.984 

m,p 

8 

*»ndo  t.  .ym.  -  1.61  (PI*..*,  .ym.  -  6699.6)  +  9806.5 

5.7 

0.990 

m,p 

9 

*«..  .  ..y».  -  2.10  frcomb.  -  5062.9)  +  6925.8 

12.2 

" 

0 

10 

€i«o.  .  My«.  -  0.191  +  (or  *f)  +  0.135 

0.03 

•~~ 

m,p 

11 

€e«mb.  -  0.372  <r+  (or  */)  +  1-  ^ 

—  • 

•^ 

m,p 

12 

eto«b.  -  0.0134  (rcomb.  -  5075.9)  +  1.653 

0.11 

—• 

m,p 

13 

€eomb.  »  0.0246  (Fcomb.  ~  5063.0)  +  1.950 

0.12 

0 

k  Expressed  in  cmr1  for  equations  1-9  and  in  molar  absorptivity  for  equations  10-13. 


o-substituted  compounds 
Q  m-  and  p-substituted  oompounda 


6640 


6840    6860    6880   6900    6920    6940 


6960 


ASYMMETRIC  FREQUENCY,    cmr1 

FIG.  2.  Relations  between  first  overtone  N-H  symmetric  and  asymmetric  stretching  frequencies  of 
substituted  anilines.  (See  Table  1) 


Symmetric  bands  is  about  37:1,  the  indi- 
vidual values  ranging  from  29  to  52.  At- 
tempts to  relate  this  ratio  with  structure 
were  unsuccessful. 

The  first  overtone  Qnoametric  bands  of 
o-nitro-,  o-methylsulfonyl-,  and  o-methyl- 
thioaniline  are  split  into  two  components 
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which  are  of  about  equal  intensity  and  are 
separated  by  100  =fc  4  cm.-1  (23.5  =fc  1  m/*). 
The  high-  and  low-frequency  bands  are  pre- 
sumably due  to  free  and  intrainolecularly 
bonded  N — H  groups,  respectively. 

Conclusion.    These   relations   between 
spectra  and  structure  can  be  used  to  ad- 
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FIG.  3.  Relations  between  intensity  and  frequency  for  the  N-H  combination  bands  of  substituted 
anilines.  (See  Table  1) 


vantage  in  identifying  unknown  aromatic 
amines.  Having  established  by  the  presence 
of  the  combination  N — H  band  near  1.97 
microns  that  the  compound  is  a  primary 
amine,  the  relative  positions  of  the  overtone 
and  combination  bands  show  with  reason- 
able certainty  whether  there  is  a  substituent 
ortho  to  the  amino  group.  Confirming  evi- 
dence on  this  point  can  be  obtained  from 
the  relation  between  the  intensity  and  the 
frequency  of  the  combination  band.  In  the 
absence  of  ortho  substitution,  the  positions 
of  the  bands  provide  considerable  informa- 
tion on  the  electronic  nature  of  the  substitu- 
ent. The  intensities  of  the  asymmetric 
stretching  and  combination  bands  can  also 
be  related  to  the  type  of  substituent. 
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APPLICATIONS 


Absorption 

In  discussion  of  the  molecular  model  (cf . 
Infrared  Absorption,  Basis  of,  p.  450)  the 
values  of  the  characteristic  absorption  fre- 
quencies are  dependent  on  three  molecular 
characteristics:  (1)  the  atoms,  (2)  the  chemi- 
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cal  bond  forces,  and  (3)  the  spatial  geometry. 
But  these  are  the  three  fundamental  charac- 
teristics used  by  the  chemists  to  differentiate 
one  molecular  species  from  another.  If  two 
molecules  have  the  three  characteristics  in 
common  they  are  identical;  if  they  differ  in 
any  characteristic,  they  are  different.  One 
would  assume  from  this  common  basis  for 
infrared  absorption  and  species  determina- 
tion that  the  infrared  absorption  spectrum 
of  a  compound  is  likely  to  be  unique  to 
that  compound.  This  proves  to  be  true  and 
from  this  uniqueness  stems  the  three  main 
uses  of  infrared  in  chemistry. 

Material  Characterization.  The  infra- 
red spectrum  of  a  molecule  is  the  "most 
nearly  unique"  characteristic  of  that  mole- 
cule. This  results  from  the  basis  of  the  spec- 
trum as  discussed  above.  Even  if  such  a 
close  basis  did  not  exist,  the  fact  that  a  single 
criterion,  the  infrared  spectrum,  possesses 
3N-6  (or  more)  values  distinct  on  the  abscissa 
and  the  ordinate  provides  a  statistical  proba- 
bility of  uniqueness  that  is  unmatched  by 
any  other  characteristic.  For  these  reasons 
the  infrared  spectrum  is  often  termed  "the 
fingerprint  of  the  molecule." 

The  use  possibilities  are  tremendous — 
identification  of  an  unknown  by  spectral 
matching  with  a  known,  tracing  the  course 
of  distillation,  chromatography,  crystalliza- 
tion, establishing  empirical  limits  of  material 
acceptance,  answering  the  simple  question, 
"is  it  the  same  or  different?" 

For  such  purposes  a  library  of  pure  spectra 
and  references  is  desirable.  Such  compila- 
tions are  available  from  references  (1)  and 
(2). 

Qualitative  Analysis  for  Functional 
Groups.  Organic  chemical  compounds  are, 
to  a  great  extent,  made  up  of  various  com- 
binations of  certain  subgroups  called  func- 
tional groups,  as  hydroxyl,  methyl,  nitrile, 
carbonyl,  etc.  From  the  nature  of  infrared 
spectra,  it  is  to  be  expected  that  such  sub- 
groups would  have  characteristic  absorption 
regions  by  which  their  presence  (or  absence) 
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in  an  unknown  might  be  determined.  Con- 
siderable study  has  been  made  of  this  prob- 
lem and  published  charts  (Ref.  3)  give  a 
recent  compilation  of  such  data.  Reference 
(4)  offers  more  complete  evaluation  for 
hydrocarbons. 

It  can  be  seen  that  functional  groups  do 
have  characteristic  absorption  in  certain 
parts  of  the  infrared  spectrum  and,  in  addi- 
tion, variations  in  this  range  give  some  clue 
as  to  the  relation  of  the  group  to  the  rest  of 
the  molecule. 

Information  of  this  type  is  very  useful  to 
the  structural  organic  chemist  in  a  study  of 
unknown  compounds  since  the  infrared  spec- 
tral evaluation  may  replace  a  variety  of 
chemical  spot  tests.  It  must  be  used  very 
carefully  and  considered  in  conjunction  with 
all  possible  chemical  data  available. 

Quantitative  Analysis  of  Chemical 
Mixtures.  Since  the  spectral  characteristics 
of  compounds  are  largely  retained  on  admix- 
ture, the  spectrum  of  a  mixture  is  a  super- 
position of  the  spectra  of  the  individual 
components  with  allowance  for  the  concen- 
trations present.  The  method  of  analysis  is 
to  choose  absorption  frequencies  unique  to 
each  component,  measure  the  sample  trans- 
mittance  at  the  chosen  frequencies,  and  re- 
late the  measurements  to  concentrations. 
This  use  of  infrared  probably  represents  the 
greatest  volume  application  today. 

Typical  Analytical  Problems.  Alert 
chemists  are  continually  adding  to  the  wide 
range  of  problems  for  which  infrared  is  be- 
coming a  routine  analytical  technique.  With 
more  than  five  thousand  instruments  in 
laboratories  throughout  the  world,  it  is  im- 
possible to  detail  all  its  uses.  But  a  look  at 
what  IR  has  done  for  a  few  typical  com- 
panies and  institutions  may  indicate  what  it 
can  do  for  you. 

A  large  manufacturer  of  cans  has  been  us- 
ing infrared  for  ten  years  to  identify  over  100 
organic  coatings  it  inventories,  and  to  de- 
termine whether  the  coatings  were  properly 
cured.  Film  thicknesses  of  0.04r0.6  mil  make 
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classical  techniques  difficult,  but  with  IR, 
film  does  not  even  have  to  be  removed  from 
the  metal.  With  IR,  too,  the  company 
identified  the  flavor  components  in  fresh 
orange  juice  and  the  deterioration  products 
in  unrefrigerated  canned  juice;  it  is  studying 
waxes,  paper,  sealing  compounds  and  plas- 
tics. 

An  automobile  manufacturer  uses  IR  to 
study  engine  exhaust  gases  as  a  means  of 
establishing  relationships  between  vehicles 
and  air  pollution,  determining  the  efficiency 
of  combustion  in  engines,  and  evaluating  de- 
vices to  reduce  or  render  harmless  unburned 
hydrocarbons  in  exhaust  fumes. 

An  electric  power  commission  analyzes 
herbicides  it  buys  for  clearing  rights-of-way. 
Its  previous  analysis  for  chlorine  content 
could  not  distinguish  between  2,4-D  and 
2,4, 5-T,  or  prevent  erroneous  results  arising 
from  contamination  with  sodium  chloride  or 
other  salts.  IR  gives  exact  concentration  of 
each  component  in  one-tenth  the  time  re- 
quired for  chlorine  analysis. 

A  cosmetic  manufacturer,  already  using 
IR  for  raw  material  analysis,  product  control 
and  formulation  development,  now  checks 
jar  caps  and  liners  with  IR  as  well,  to  guard 
against  interaction  with  contents.  A  10-20 
minute  spectrum  run  gives  exact  chemical 
composition  of  coatings  instead  of  probable 
composition  previously  obtained  by  a 
complicated,  time-consuming  procedure. 

An  essential-oils  house  rates  IR  a  good 
investment  in  speed  and  security  since  it  es- 
tablishes exact  composition  of  complex 
natural  perfumes  impossible  to  analyze  by 
other  methods,  and  insures  technical  control 
in  the  manufacture  of  synthetic  odorants 
and  flavors. 

A  chemical  producer  who  must  keep  water 
below  10  ppm  in  fluorochlorohydrocarbon 
refrigerant  uses  IR.  With  water  present  in 
the  0-10  ppm  range,  IR  gives  an  accuracy 
of  1  ppm,  and  requires  only  5  minutes.  A 
previous  analytical  method  required  4  hours, 
and  was  accurate  only  to  2  ppm. 


An  aircraft  manufacturer  used  IR  to  learn 
when  and  why  a  polymeric  coating  kept 
breaking  down  at  elevated  temperatures. 
With  IR,  he  was  able  to  chart  the  chemical 
changes  taking  place  in  the  coating  at  25°C 
increments  in  temperature,  and  with  these 
data,  make  a  quick  and  meaningful  evalua- 
tion of  the  finish  problem. 

A  government  health  laboratory  using  IR 
has  differentiated  the  various  members  of 
the  barbiturate  class  of  drugs,  which,  be- 
cause of  their  structural  similarity,  can't  be 
analyzed  efficiently  by  other  means. 

A  related  project  is  the  work  of  a  United 
Nations  unit  in  compiling  IR  spectra  of  con- 
fiscated narcotics  according  to  the  soil  in 
which  the  material  was  grown.  This  will  pro- 
vide a  library  of  data  for  quickly  locating 
the  origin  of  seized  narcotics  so  that  federal 
and  international  agencies  can  take  rapid 
action  against  dope  traffic. 

A  state  highway  department  uses  IR  to 
test  durability  of  traffic  paints  and  to  check 
the  specifications  of  purchased  herbicides. 

An  envelope  manufacturer  checks  the 
composition  of  the  paper  and  adhesives  it 
purchases  by  means  of  IR. 

A  commercial  laboratory  rates  the  IR 
spectrophotometer  the  most  useful  piece  of 
equipment  it  owns — "over  half  our  clients 
have  benefited  from  IR." 

A  large  university  has  an  IR  instrument 
for  instruction  in  undergraduate  organic  syn- 
thesis courses  and  for  graduate  research 
work  in  organic  and  physical  chemistry. 

One  hospital  reports  the  use  of  IR  for  cer- 
tain blood  and  urine  analyses;  for  steroid 
work;  to  determine  methanol  in  body  fluids; 
and  for  other  toxicological  analyses. 
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PERKIX-ELMER  COBPOEATION 

CELLULOSE  AND  FABRICS 

Literature  search  reveals  that  until  the 
present  decade  the  cellulose  research  chemist 
almost  completely  ignored  infrared  absorp- 
tion spectroscopy.  The  outstanding  treatises 
on  the  chemistry  of  cellulose  of  Heuser, 
Timmell,  Ott,  and  others  either  contain  no 
mention  of  the  technique  at  all  or  only  very 
scant  reference  to  its  use  in  investigations  of 
the  hydrogen  bond  concept  in  cellulose.  Just 
as  one  of  the  first  triumphs  of  infrared  ab- 
sorption spectroscopy  was  the  study  of  hy- 
drogen bonding,  so  its  earliest  introduction 
into  cellulose  research  had  to  do  with  investi- 
gations of  this  subject.  However,  it  can 
probably  be  said  that  no  particularly  impor- 
tant contribution  of  infrared  spectra  to  cellu- 
lose chemistry  was  reported  prior  to  about 
1950. 

Techniques  for  Measuring  the  Infrared 
Absorption  Spectra  of  Cellulose  and 
Related  Materials 

Just  prior  to  and  into  the  early  1950's  sev- 
eral papers  appeared  dealing  with  investiga- 
tions of  cellulosic  materials  with  the  aid  of 
infrared  absorption.  Among  these  were  sev- 
eral papers  from  a  group  including  Forziati, 
Rowen,  Plyler,  and  various  colleagues  from 
the  National  Bureau  of  Standards.1  This 
group  described  a  method  for  preparing  a  fine 
cotton  powder  from  which  infrared  spectra 
could  be  obtained  as  a  Nujol  mull.lb  The 
method  was  not  entirely  satisfactory  since 
grinding  results  in  some  changes  in  struc- 
ture, as  evidenced  by  loss  of  crystaflinity, 
and  Nujol  mulls  do  not  lend  themselves  to 
most  accurate  quantitative  measurements  of 
band  intensities.  In  England,  Marrinan  and 
Mann2  reported  several  studies  on  the  in- 
frared absorption  spectra  of  cellulosic  ma- 
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terials  in  the  form  of  films.  Films  of  viscose 
were  prepared  by  rubbing  commercial  vis- 
cose solution  between  two  glass  plates.2* 
The  plates  were  then  slid  apart,  immersed  in 
10%  ammonium  sulphate  solution  followed 
by  regeneration  in  15%  sulphuric  acid,  and 
then  washed  with  distilled  water.  Cotton 
cellulose  films  were  prepared  by  precipitat- 
ing the  cellulose  from  cuprammonium  or 
cupriethylenediamine  hydroxide  solution 
with  acetic  acid.  The  precipitate  was  sepa- 
rated from  solution  by  centrif uging,  washed 
with  distilled  water,  and  films  for  examina- 
tion in  infrared  were  prepared  by  evaporat- 
ing the  aqueous  suspension  on  a  microscope 
cover-slip.  Bacterial  cellulose  was  grown 
from  Acetobacter  acetigenum  on  Henneburg's 
medium.  Films  were  washed  in  caustic  soda 
solution,  neutralized  with  acetic  acid,  and 
washed  with  distilled  water.  Spectra  of  such 
cast  films  reflect,  of  course,  any  changes  in 
structure  which  accompany  the  preparation 
of  the  film  and  the  technique  is  not  appli- 
cable to  materials  from  which  such  films  can 
not  be  cast,  such  as  degraded  cottons,  some 
chemically  modified  cottons,  etc.  O'Connor 
and  co-workers8  at  the  U.  S.  Department  of 
Agriculture's  Agricultural  Research  Service, 
Southern  Utilization  Research  and  Develop- 
ment Division,  described  a  method  employ- 
ing the  potassium  bromide  disc  technique 
which  they  claim:  (a)  permits  measurements 
of  infrared  spectra  without  any  modification 
of  the  sample  during  preparation;8*  (b) 
makes  possible  accurate  quantitative  in- 
frared absorption  measurements8*  • 8c  and  (c) 
is  applicable  to  all  types  of  natural  and  syn- 
thetic fibers,  yarns,  and  fabrics.8b» M  A  spec- 
trum of  native  cotton  obtained  by  their 
technique  is  shown  in  Figure  1. 

Higgins  and  his  co-workers  in  Australia 
have  favored  solid  disc  spectra  in  their  in- 
vestigations of  cellulose  and  cellulosic 
materials  by  means  of  infrared,4  but  these 
workers  advocate  the  use  of  potassium 
chloride  over  potassium  bromide  with  the 
arguments  that  the  chloride  has  a  lower 
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FIG.  1.  The  infrared  absorption  spectrum  of 
native  cotton  obtained  by  the  potassium  bromide 
disk  technique. 

chemical  reactivity,  a  greater  stability  to 
heat,  is  less  hygroscopic,  and  is  easier  to 
grind  to  a  satisfactory  particle  size.  Biggins4* 
has  described  in  detail  a  technique  using 
potassium  chloride  discs  and  has  discussed 
advantages  of  the  solid  disc  technique  over 
other  methods  and  the  special  advantages  of 
the  chloride  over  the  bromide.  The  method 
recommended  calls  for  the  fiber  sample  to  be 
ground  as  fine  as  possible  (less  than  60  mesh) 
although  Forziati  and  Rowen,ld  and  O'Con- 
nor et  <rf.8*'  8b  have  shown  that  grinding  to 
this  extent  will  cause  considerable  change  in 
the  appearance  of  the  infrared  absorption 
spectra  arising  from  decreased  crystallinity 
caused  by  the  grinding.  O'Connor  et  oZ.8* 
claim  that  particles  ground  to  not  less  than 
20  mesh  are  required  if  the  samples  are  not 
to  be  degraded  significantly  during  prepara- 
tion of  the  discs.  With  this  consideration  of 
size  of  sample  particles,  one  definite  advan- 
tage of  potassium  bromide  over  the  chloride 
can  be  advanced.  Cotton  is  birefringent  and 
the  average  of  its  indices  of  refraction  is 
1.564.  The  index  for  potassium  bromide  is 
1.559.  Harvey,  Stewart,  and  Achhammer5 
have  shown,  in  a  recent  investigation  of  in- 
dex of  refraction  and  particle  size  as  factors 
in  infrared  spectrophotometry,  that  the  in- 
dex of  refraction  relationship  makes  it  pos- 
sible to  obtain  satisfactory  spectra  of  nylon 
without  grinding  the  samples  to  a  fine  pow- 
der. In  order  to  avoid  losses  by  scattering, 
fine  particles  are  required  unless  indices  of 
refraction  between  the  halide  matrix  and  the 
sample  are  very  pri™i1fl.r.  Thus,  O'Connor  et 
o£.8a  explain  why  large  pieces  of  cotton  can 
be  introduced  into  a  potassium  bromide  disc 


and  still  result  in  a  satisfactory  spectrum. 
Potassium  chloride  has  an  index  of  refrac- 
tion 1.490.  Thus,  if  larger  particles  are  to 
be  used,  to  avoid  decrystallization  effects, 
potassium  bromide  has  a  decided  advantage 
over  the  chloride. 

Applications  of  Infrared  to  Investiga- 
tions of  Hydrogen  Bonding,  Crys- 
tallinity and  Polymorphic  Struc- 
ture of  the  Cellulose  Molecule 

Hydrogen  Bonding.  O'Connor,  DuPr6, 
and  Mitcham  have  recently  reviewed  the 
subject  of  hydrogen  bonding  as  investigated 
by  infrared  absorption  spectra.8b  They 
showed  that  several  chemically  modified 
cottons  exhibited  spectra  which  revealed 
0 — H  stretching  bands  at  significantly 
shorter  wavelengths  than  the  unmodified 
controls.  Thus,  while  the  spectra  of  cotton 
linters  exhibited  a  band  attributed  to  0 — H 
stretching  at  3.00  M>  the  spectra  of  methyl- 
cellulose  and  ethylcellulose  prepared  from 
them  exhibited  Tna.yinm  at  2.94  and  2.92  /*, 
respectively.  A  raw  cotton  exhibited  a  maxi- 
mum at  2.98  \L  while  a  cellulose  acetate  pre- 
pared from  it  reveals  a  band  at  2.85  /*  and 
the  spectrum  of  a  carboxymethylated  cotton 
cloth  exhibited  a  Tr>fl.yiTnnm  at  2.96  /*  com- 
pared to  the  3.00  A*  position  of  the  unmodi- 
fied cotton  control.  These  changes  were  in- 
terpreted as  arising  from  the  fact  that  the 
chemical  reactions  were  taking  place  in  the 
amorphous  regions  and  therefore  reducing 
the  relative  amounts  of  amorphous  0 — H 
groups.  The  over-all  result  is  a  shift  in  the 
position  of  the  unresolved  0 — H  band  to- 
ward the  less  highly  bonded  crystalline 
0 — H  groups  at  shorter  wavelengths.  Rowen 
and  Plylerlc  reported  this  effect  in  reverse, 
showing  that  the  regeneration  of  cellulose 
from  cellulose  acetate  was  accompanied  by 
a  shift  in  the  0— H  band  to  slightly  longer 
wavelengths,  from  2.86  /t  in  cellulose  ace- 
tate to  2.94  p  in  regenerated  cellulose.  These 
results  show  that  NaCl  spectra  can  be  used 
to  indicate  some  changes  in  degree  of  hydro- 
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gen  bonding  of  the  eellulosic  materials  even 
though  in  these  spectra  the  free  0 — H 
stretching  with  maximum  about  2.70  /*  is 
unresolved  from  0 — H  bonded  stretching 
vibrations  at  longer  wavelengths. 

Brown  et  oZ.6  published  results  of  investi- 
gations of  the  3.0  n  region  of  the  spectra  of 
cotton,  from  samples  prepared  by  casting 
thin  films  on  finely  ground  glass  plates,  with 
the  higher  resolution  possible  with  LiF  op- 
tics. Bands  were  observed  at  about  2.98, 
3.05,  and  3.08  p  with  shoulders  on  both 
sides  of  the  2.98  /*  band.  Free  0— H  stretch- 
ing gives  rise  to  sharp  symmetrical  bands, 
while  bonded  O — H  stretching  bands  are  un- 
symmetrical  with  broadening  toward  the 
lower  frequency  (higher  wavelength)  side. 
They  suggested  the  measure  of  "symmetry 
index"*  as  a  criterion  of  hydrogen  bonding. 
It  should  be  noted,  however,  that  such  meas- 
urements could  not  be  made  with  the  resolu- 
tion afforded  with  NaCl  optics. 

Mann  and  Marrinan2b  proposed  an  in- 
genious method  of  investigating  the  0 — H 
stretching  bands  of  the  highly  organized 
crystalline  regions  of  cellulose,  without  inter- 
ferences from  the  broad  bands  of  these 
stretchings  in  the  amorphous  regions,  by 
means  of  deuteration.  Rowen  and  Plyler10 
had  previously  studied  the  reaction  of  heavy 
water  with  cellulose  and  reported  that  only  a 
small  fraction  of  the  0 — H  groups  could  be 
deuterated.  Mann  and  Marrinan,  however, 
confirmed  a  suggestion  of  Almin7  that  the 
samples  of  Rowen  and  Plyler  must  have  par- 
tially rehydrogenated  before  examination. 
It  has  been  shown  that  under  ordinary  con- 
ditions deuterium  replacement  will  occur  in 
only  the  amorphous  regions  of  the  cellulose 
molecules.  Thus,  after  deuteration,  the  hy- 
droxyl  groups  of  the  amorphous  region  will 

*  Symmetry  index  is  defined  as  the  ratio  of  the 
band  widths  on  the  low  and  on  the  high  frequency 
side  of  the  maximum  at  half  band  absorbance.  The 
symmetry  index  for  a  symmetrical  band  is  thus 
unity  and  is  greater  than  unity  for  bands  which 
are  broadened  on  the  low-frequency  side, 
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appear  as  0 — D  stretching  bands  with 
maxima  at  about  3.7-4.2  M-  The  hydroxyls 
in  the  crystalline  regions  will  remain  as  0 — H 
stretchings  near  2.8-3.4  M-  In  the  amorphous 
regions  there  is  a  range  of  hydrogen  bonds 
of  varying  strengths  and  hence  a  broad  unre- 
solved band.  This  is  the  band  observed  be- 
fore deuteration.  In  the  crystalline  regions, 
however,  there  are  a  discrete  number  of 
hydrogen  bonds,  each  giving  rise  to  a  definite 
absorption  band.  Thus,  the  spectrum  from 
about  2.8  to  3.4  M,  measured  with  LiF  optics, 
after  deuteration,  exhibits  four  discrete 
bands.  Removal  of  the  unresolved  bands 
arising  from  hydroxyl  groups  in  the  amor- 
phous regions  by  converting  them  to  0 — D 
bonds  makes  it  possible  to  observe  the  bands 
which  are  attributable  to  the  0 — H  stretch- 
ings arising  from  the  hydroxyl  groups  in  the 
crystalline  regions  only.  Mann  and  Marri- 
nan,2* by  means  of  the  spectra  of  the  crystal- 
line region  after  deuteration,  were  able  to 
show  that  in  these  crystalline  regions  all  the 
0 — H  groups  were  hydrogen  bonded  in  both 
Cellulose  I  and  Cellulose  II.  Later  this  ob- 
servation was  extended  to  include  the 
hydrogen  groups  of  Cellulose  IIIj  (Cellulose 
III  prepared  from  Cellulose  I.).20  This 
deuteration  technique  of  Mann  and  Mar- 
rinan, which  has  been  used  to  advantage  in 
investigations  of  crystalline  properties  of  eel- 
lulosic materials  (see  next  section),  would 
appear  to  be  a  tool  capable  of  yielding  still 
more  data  for  detailed  investigations  of  hy- 
drogen bonding  in  cellulose. 

Other  investigations  of  hydrogen  bonding 
have  been  described  by  Ellis  and  Bath,8  who 
used  near  infrared  absorption  from  1.0  to 
2.5  p..  They  report  two  bands,  one  near  1.5 
/z,  an  overtone  of  the  fundamental  0— H 
stretching  vibration,  and  a  combination 
valence-deformation  band  near  2.0  /*•  A 
sharp  but  weak  band  near  1.4  M  was  cor- 
related with  the  unperturbed  (free)  hydroxyl 
stretching  overtone  and  bands  with  maxima 
at  1.49, 1.54,  and  1.58  M  with  bonded  0—E 
stretching.  Similarly,  bands  at  approximately 
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2.02  and  2.11  M  arise  from  free  and  bonded 
0 — H  stretching,  respectively.  In  ramie  fiber 
the  2.02  fj,  band  is  absent,  indicating  that  all, 
or  practically  all,  of  the  hydroxyl  groups  in 
natural  cellulose  fiber  are  bonded.  Merceriza- 
tion  resulted  in  disappearance  of  the  1.54  p 
band  and  a  progressive  shifting  of  the  2.11 
and  2.09  ^  bands,  indicating  that  merceriza- 
tion  results  in  a  lesser  degree  of  hydrogen 
bonding,  in  agreement  with  the  results  re- 
ported by  O'Connor  et  oZ.8b  and  of  Rowen 
et  oZ.lc  for  chemical  modification. 

Tsuboi9  investigated  the  infrared  spectrum 
of  oriented  cellulose  fibers  using  polarized 
radiation.  From  interpretations  of  observed 
polarization  effects  based  on  the  crystal 
structure  of  cellulose,  specific  assignments 
were  proposed  for  several  bands  in  the 
C— H,  0— H,  C— 0  and  C— C  stretching 
and  in  the  0— H  out-of -plane  deformation 
regions.  Liang  and  Marchessault10  investi- 
gated the  3.0  M  region  of  thin  filmg  of  valonia 
cellulose,  ramie,  and  bacterial  cellulose 
crystallites.  With  polarized  infrared  radia- 
tion they  have  been  able  to  make  specific 
assignments  to  parallel  and  perpendicular, 
symmetric  and  anti-symmetric  stretching 
modes  of  the  CH2  group.  With  the  aid  of  a 
model  which  is  compatible  with  these  assign- 
ments, and  from  observed  polarization  of  the 
bands  in  the  0 — H  stretching  region,  a  sys- 
tem of  hydrogen  bonding  in  Cellulose  I  was 
suggested.  Two  sets  of  intermolecular  hydro- 
gen bonds  were  proposed:  in  the  101  plane 
the  Ce  hydroxyls  of  the  antiparallel  chains 
are  jointed  to  the  bridge  oxygens  of  the  ad- 
jacent parallel  chains;  in  the  101  plane  the 
Cc  hydroxyls  of  the  parallel  chains  are  hy- 
drogen-bonded to  the  bridge  oxygens  of  the 
adjacent  antiparallel  chains. 

Crystallinity  and  Polymorphism.  For- 
ziati  et  oZ.lb  observed  that  grinding  produced 
a  marked  conversion  of  crystalline  to  amor- 
phous cellulose.  In  a  later  study,  Forziati 
and  Rowenld  showed  that  striking  differ- 
ences were  exhibited  in  the  spectra  of  Cellu- 
lose I  and  Cellulose  II  in  the  regions  7-8  M 


and  9-10  \L.  However,  differences  observed  in 
the  conversion  of  Cellulose  I  to  II  were  al- 
most identical  to  those  observed  in  the  con- 
version of  crystalline  Cellulose  I  to  amor- 
phous Cellulose  I.  O'Connor,  DuPr6,  and 
Mitcham8b  discussed  the  crystallinity  of 
cellulose.  They  showed  how  the  spectra  of 
native  Cellulose  I  changed  with  extent  of 
grinding  in  a  vibratory  ball  mill  and  that 
these  changes  paralleled  those  occurring 
during  chemical  decrystallization  with  ethyl- 
amine.  They  pointed  out,  particularly,  that 
during  either  mechanical  or  chemical  de- 
crystallization  a  band  at  6.9  /*,  arising  from 
a  CH2  deformation,  disappears  while  a  weak 
band  at  11.0  M  increases  in  intensity  as  the 
crystallinity  decreases.  These  changes  are 
analogous  to  the  "amorphous"  and  "crys- 
talline" bands*  of  nylon11  or  of  polyethylene 
terephthalate.12  O'Connor,  DuPrS,  and 
Mitchain  suggested  the  use  of  a  ratio  of 
the  bands  at  6.9  M  and  11.0  p,  as  a  measure 
of  crystallinity  indexf.8b  Values  of  this 
index  were  given  for  cellulose  during  succes- 
sive stages  of  mechanical  decrystallization 
in  a  vibratory  ball  mill  and  of  chemical  de- 
crystallization  with  ethylamine.  The  indices 
have  been  shown  to  be  directly  proportional 
to  data  obtained  by  X-ray  diffraction  meas- 
urements,18 and  have  been  used  in  investi- 
gations of  acetylated  and  deacetylated 
cottons14  and  of  cotton  irradiated  with 
gamma  rays  from  a  cobalt  60  source.15  The 
use  of  crystallinity  index  permits  a  rapid 

*  A  "crystalline"  band  is  defined  as  one  which 
decreases  in  intensity  progressively  with  increase 
in  temperature  and  finally  disappears  when  the 
polymer  becomes  molten.  Conversely,  an  "amor- 
phous" band  is  one  which  does  not  appear  in  the 
spectra  of  the  crystalline  polymer  and  becomes 
more  intense  with  increase  in  amorphous  charac- 
ter. 

t  "Crystallinity  index"  is  defined  as  the  ratio 
of  the  absorbance  of  the  band  maximum  at  about 
6.9  p  to  the  absorbance  of  the  maximum  at  about 
11.0  fi.  Absorbancies  used  to  calculate  the  indices 
are  measured  at  the  two  wavelengths  by  the  usual 
baseline  technique. 
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and  simple  measurement  of  relative  propor- 
tions of  crystalline  and  amorphous  regions 
in  a  cotton  with  reasonable  sensitivity. 

The  deuteration  technique  of  Mann  and 
Marrinan*b  provides  a  very  precise  measure 
of  degree  of  crystallinity.  Results  are  ex- 
pressed as  a  ratio  of  the  absorbance  of  the 
maximum  of  the  0 — D  (amorphous)  band 
at  3.95  n  to  that  of  the  O— H  (crystalline) 
band  at  2.98  ju.  While  this  method  has  the 
disadvantage  of  requiring  the  additional 
step  of  deuteration,  and  has  been  applied 
thus  far  only  to  cast  films,  it  undoubtedly  is 
the  most  precise  and  sensitive  method  for 
obtaining  crystallinity  measurements  by 
means  of  infrared  spectroscopy.  This  infra- 
red-deuterium technique  determines  only 
those  hydroxyl  groups  in  which  the  hydrogen 
is  at  liberty  to  vibrate  readily  between  two 
positions.  Dr.  Marrinan  concludes  that  the 
hydroxyls  on  the  surface  of  the  crystallites 
as  well  as  those  in  the  amorphous  regions 
will  have  this  freedom  of  activity,  whereas 
those  completely  within  the  crystalline  re- 
gions will  display  another  type  of  restraint 
indicated  by  the  residual  infrared  curve  at 
the  original  hydroxyl  frequency. 

McKenzie  and  Higgins4b  investigated  the 
distribution  of  two  crystalline  phases  as  a 
function  of  alkali  concentration  by  means  of 
infrared  absorption  curves.  They  presented 
a  series  of  spectra  illustrating  changes  that 
occur  during  the  course  of  mercerization. 
Changes  at  7.0,  9.0,  10.1,  and  11.2  /*  were 
associated  with  the  transition  of  Cellulose  I 
to  Cellulose  IL  Spectra  were  presented  for 
cotton  and  eucalypt  cellulose.  McKenzie  and 
HiggiTiB  quote  from  T.  Yurugi,  "when  cellu- 
lose was  treated  with  NaOH  at  20°  the 
amorphous  regions  increased  at  the  expense 
of  the  highly  ordered  regions."  They  point 
out  that  "in  general  the  influence  of  the 
amorphous  fraction  associated  with  the  Cel- 
lulose I  crystallites  is  to  make  the  spectrum 
more  like  that  of  Cellulose  IL."  To  this 
writer  the  changes  in  the  spectra,  as  pre- 
sented by  McKenzie  and  Higgins,  could  be 
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accounted  for  better  as  changes  in  crystallin- 
ity occurring  during  the  NaOH  merceriza- 
tion treatment  rather  than  as  changes  in 
polymorphic  form  from  Cellulose  I  to  Cellu- 
lose IL  For  a  given  series  of  samples  infrared 
absorption  could  be  used  to  follow  the  course 
of  mercerization.  But  the  infrared  spectros- 
copist  would  be  rather  hard  put  to  analyze  a 
mixture  of  Cellulose  I  and  Cellulose  II  by 
means  of  the  absorption  bands  at  7.0,  9.0, 
10.1,  or  11.2  /*,  since  their  relative  amounts 
would  depend  on  how  much  the  original 
Cellulose  I  in  the  mixture  had  been  ground  or 
otherwise  decrystallized  prior  to  or  during 
mixing  with  the  Cellulose  II. 

The  deuteration  technique  of  Mann  and 
Marrinan,2b  however,  (because  it  provides 
the  opportunity  for  measuring  the  spectra  of 
the  crystalline  region  over  the  range  of 
0 — H  stretching  frequencies,  2.7  to  3.4  M, 
with  complete  absence  of  amorphous  por- 
tions) affords  a  real  opportunity  to  differ- 
entiate between  the  various  crystalline 
modifications  of  cellulose.  The  spectra,  with 
LiF  optics,  of  the  different  crystalline  modi- 
fications of  cellulose  in  the  region  of  0 — H 
stretching  after  deuteration  (and  all  bands 
arising  from  vibrations  in  the  amorphous 
regions  have  been  removed)  showed  clear 
and  distinct  differences  for  Cellulose  I,  Cellu- 
lose II,  and  Cellulose  IIIi*,2*  as  seen  in 
Figure  2.  Cellulose  IHn  resembled  the  spec- 
tra of  Cellulose  II  and  Cellulose  IVj ,  and 
IVn  those  of  Cellulose  I  and  II,  respectively. 
Mann  and  Marrinan  concluded,  therefore, 
that  only  three  clearly  definable  polymorphic 
forms  of  cellulose  exist,  namely  I,  II,  and 
IIIn  .  Each  of  these  can  be  readily  identified 
and  differentiated  by  means  of  infrared 
spectra  after  deuteration.  Studies  of  this 
type  of  spectra  with  polarized  radiation  af- 
forded several  clues  as  to  the  structure  of 
these  polymorphs.  Hydrogen  bonding  was 

*  The  subscripts  refer  to  the  source  of  the  poly- 
morphic form.  Thus  IIIi  is  Cellulose  III  prepared 
from  Cellulose  I;  Cellulose  IVn  is  Cellulose  IV 
prepared  from  Cellulose  II,  etc. 
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FIG.  2.  Infrared  absorption  spectra  in  the  O-H  stretching  region,  after  deuteration,  of  the  different 
crystalline  modifications  of  cellulose.  A.  Cellulose  I.  Types  A  and  B;  B.  Cellulose  II,  oriented  and  un- 
oriented  film;  C.  Cellulose  III,  IIIi  and  Illn  and  D.  Cellulose  IV,  IVj  and  IVn  .  (From  H.  J.  Marrinan 
and  J.  Mann,  J.  Polymer  Sci.  Reference  2D  with  permission  of  the  authors  and  editor  which  is  gratefully 
acknowledged.) 


shown,  from  a  study  with  plane-polarized 
infrared  radiation  of  deuterated  samples, 
to  be  the  type  having  a  system  in  which 
bonding  is  terminated  by  a  hydrogen  bond 
to  another  oxygen  atom  0 — H---0 — H-- 

C 
/ 
0 — H-  •  -0      .  Hydrogen  bonding  must  in- 

C 

volve  the  ring  or  a  bonded  ether  oxygen 
atom  in  all  these  crystalline  medications.20 
Oxidation.  Infrared  absorption  has  been 
applied  to  studies  of  the  oxidation  of  cellulose 
with  some  unexpected  results.  In  their  early 
paper,  Eowen,  Hunt,  and  Plyleru  showed 
that  oxidation  of  cellulose  with  nitrogen  di- 
oxide, which  is  believed  to  be  highly  specific, 
attacking  the  primary  alcohol  group  and 
converting  it  to  a  carboxyl,  introduced  three 


bands  into  the  infrared  spectra  of  cellulose, 
at  5.7, 6.1,  and  7.8  ju.  Later  studies  by  Rowen 
and  Plyler10  showed  that  only  the  5.7  M  band, 
arising  from  a  stretching  vibration  of  the 
C=0  in  the  carboxyl  group,  should  be  cor- 
related to  oxidation  of  the  cellulose  since  the 
other  two  bands,  at  6.1  and  7.8  /*,  were  found 
in  cellulose  nitrate  and  could  be  attributed 
to  some  nitrogen-oxygen  vibration.  The 
earlier  study  revealed  that  oxidation  of  cel- 
lulose with  periodic  acid  had  little  or  no  ef- 
fect on  its  absorption  although  this  agent 
has  been  shown  chemically  to  attack  the 
secondary  alcohol  groups  on  carbons  2  and  3 
and  to  convert  them  to  aldehyde  groups.  The 
anomaly  of  the  non-appearance  of  the  strong 
C=0  stretching  of  the  aldehyde  group  in 
such  oxidized  cottons  was  increased  by  sub- 
sequent investigations  of  Forziati,  Rowen, 
and  Plyler.le  These  investigators  described  a 
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method  for  the  quantitative  measurement 
of  the  carboxyl  group  in  oxidized  cotton  by 
means  of  infrared  absorption.  They  claimed 
that  their  "results  indicate  that  the  intensity 
of  the  absorption  of  the  oxidized  celluloses  at 
5.85  /t  constitutes  a  fairly  satisfactory  meas- 
ure of  their  carboxyl  content  even  in  the 
presence  of  appreciable  amounts  of  non- 
carboxylic  carbonyl."  In  one  sample  they 
found  and  measured  as  little  as  0.19  mmole/g 
of  carboxyl  in  the  presence  of  7.37  mmole/g 
of  noncarboxylic  carbonyl  (by  hydroxyl- 
amine  hydrochloride  method.)  Thus,  as 
pointed  out  in  a  discussion  of  infrared  ab- 
sorption and  oxidation  of  cellulose  by 
O'Connor,  DuPrfi,  and  Mitcham,*b  "two 
anomalous  results  are  encountered  in  the 
examination  of  infrared  spectra  of  oxidized 
cotton  cellulose:  (a)  it  can  be  oxidized  under 
conditions  which  produce  relatively  large 
concentrations  of  aldehyde  (or  ketone) 
groups,  but  the  spectra  exhibit  no  evidence 
of  the  well-known,  intense  C=O  stretching 
vibrations  of  these  groups;  and  (b)  the 
carboxyl  content  can  be  obtained  satisfac- 
torily with  quantitative  accuracy  by  meas- 
urement of  the  5.8  /i  C=O  stretching  vibra- 
tion of  the  carboxyl  group  at  wavelengths  so 
close  that  these  bands  would  be  incompletely 
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resolved  from  the  carbonyl  stretchings  in 
NaCl  spectra." 

A  satisfactory  explanation  for  these  anom- 
alous results  has  been  provided  by  Rowen, 
Forziati,  and  Eeeves.lf  They  postulate  that 
either  or  both  of  the  free  aldehyde  groups  of 
the  oxidized  cellulose  are  hydrated  by  reac- 
tion with  water.  The  oxygen  atoms  are 
bound  either  by  the  formation  of  aldehyde 
hydrates,  or  hemiacetals,  or  both,  as  shown 
in  Figure  3. 

If  a  molecule  such  as  illustrated  in  Figure 
3  were  produced  on  periodic  acid  oxidation 
of  cellulose,  no  C=0  stretching  would  be 
expected.  Only  on  further  oxidation  and 
the  formation  of  carboxyl  groups  would  the 
characteristic  C=0  stretching  be  observed. 
The  method  of  Forziati,  Rowen,  and  Plylerle 
for  the  quantitative  determination  of  car- 
boxyl groups  in  oxidized  cellulose  is  valid 
because  the  carbonyl  groups  expected  are 
not  found.  The  quantitative  results  are  not 
obtained,  as  claimed,  in  the  presence  of  large 
quantities  of  carbonyl — they  are  accurate 
only  because  none  of  their  oxidized  cottons 
contained  carbonyl  groups  per  se. 

Blouin  and  Arthur15  used  infrared  absorp- 
tion spectra  to  follow  oxidation  effects  during 
investigation  of  gamma  radiation  on  cotton. 
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FIG.  3.  The  molecular  structure  of  periodate-oxidized  cellulose. 
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Measurement  of  a  series  of  increasing  dosages 
in  air,  oxygen,  and  nitrogen  revealed  no 
changes  in  the  spectra  during  the  initial 
stages,  although  chemical  methods  showed  a 
continual  increase  in  carbonyl  groups.  With 
increasing  dosages,  however,  the  infrared 
absorption  curves  exhibited  weak  bands  at 
about  5.8  M-  At  about  this  same  stage  chemi- 
cal analyses  began  to  show  the  presence  of 
carboxyl  as  well  as  carbonyl  bands.  The  in- 
crease in  the  intensity  of  the  5.8  p  band  con- 
tinued during  further  radiation  and  could 
be  shown  to  be  directly  proportional  to  the 
chemically  measured  carboxyl  content.  The 
band,  however,  bore  no  relation  whatever  to 
the  chemically  determined  carbonyl  content. 

Higgins40  studied  the  degradation  of  cellu- 
lose in  air  by  means  of  infrared  spectroscopic 
examination  and  obtained  results  which 
could  be  interpreted  satisfactorily  by  the 
proposal  of  bound  aldehyde  groups.  He 
found  no,  or  only  insignificant,  changes  in 
spectra  upon  heating  at  70°C  for  periods  up 
to  17  hours  at  a  pressure  of  0.5  mm  and  only 
slight  changes  at  175°C  at  0.5  mm  after  3.5 
hours  or  at  260-270°C  and  0.5  mm.  Only 
on  heating  for  2  hours  in  air  at  260-270°C 
was  a  strong  0=0  band  obtained.  This  band 
dominated  the  spectrum  after  heating  for 
17  hours,  and  was  shown  to  be  mostly 
carboxyl  by  its  ready  conversion  to  a  salt 
with  NaOH,  as  shown  by  a  shift  from  5.8 
fi  to  the  symmetrical  and  antisymmetrical 
vibrations  of  the  C00~  group  at  6.4  and  7.3 
/i.  Unfortunately,  no  chemical  measurements 
for  carbonyl  were  reported.  It  appears  likely, 
however,  that  the  lack  of  any  observed 
changes  in  the  infrared  absorption  spectra, 
until  rather  long  exposures  at  high  tempera- 
tures in  air,  can  be  explained  by  the  fact  that 
the  carbonyl  groups  formed  were  completely 
hydrated  and  did  not  change  the  spectra 
until  the  higher  temperature  heating  in  air 
converted  them  to  carboxyl  groups. 

Higgins  and  McKenzie4*  described  detailed 
investigations  of  the  periodic  acid  oxidation 
of  cellulose  fibers  by  means  of  infrared  ab- 


sorption spectra  using  their  potassium  chlo- 
ride disc  technique.  These  studies  more  or 
less  confirm  the  suggestion  of  Rowen,  For- 
ziati  and  Reeves"  that  the  aldehyde  groups 
of  the  oxidized  glucopyranose  residues  are 
hydrated  (Figure  3),  first  by  showing  that  the 
intensity  of  the  C=O  stretching  band  at  5.8 
/*  was  dependent  not  only  on  the  degree  of 
oxidation,  but  also  on  the  amount  of  mois- 
ture uptake  by  the  sample.  The  intensity  of 
the  band  decreases  with  increased  moisture 
content.  Furthermore,  the  band  at  about  9.5 
At,  which  arises  from  either  an  0 — H  defor- 
mation or  a  C — 0  stretching  of  the  primary 
C — 0 — H  group,  or  a  coupling  of  both  of 
these  vibrations  (and  which,  in  any  case,  rep- 
resents a  vibration  correlated  to  a  primary 
0 — H  group)  decreases  and  is  eliminated  on 
severe  oxidation.  If  the  periodic  acid  oxida- 
tion occurs  at  the  secondary  alcohols,  dis- 
appearance of  this  primary  alcohol  can  be 
accounted  for  by  the  hemiacetal  formation 
suggested  by  Rowen,  Forziati,  and  Reeves. 

Higgins  and  McKenzie  discussed  changes 
in  several  of  the  cellulose  bands  during  peri- 
odic acid  oxidation.  The  band  at  8.6  /*>  as- 
signed by  Forziati  and  Rowenld  to  a  vi- 
bration of  the  glucopyranose  ring,  and  by 
O'Connor,  DuPr6,  and  McCall**  to  a  C— 0 
stretching  or  0 — H  deformation  associated 
with  a  hydroxyl  group  attached  to  the  ring, 
progressively  decreases  in  intensity  and  defi- 
nition. This  change  in  intensity  on  oxida- 
tion could  result  either  from  ring  cleavage  or 
from  the  conversion  of  the  secondary  hy- 
droxyls  to  ketonic  groups.  A  band  at  about 
11.2  M  is  displaced  to  long  wavelengths,  about 
11.35  M,  on  oxidation.  Barker  et  oZ.16  sug- 
gest that  this  band  arises  from  a  C — H  de- 
formation mode  in  which  the  hydrogen  atom 
on  the  Ci  position  is  involved.  Higgins  and 
McKenzie  attribute  the  observed  frequency 
shift  to  bending  force  constant  changes  aris- 
ing from  ring  scission.  Decrease  in  a  band  at 
about  9.0  /*,  associated  with  deformation  of 
secondary  O— H  groups,  is  in  agreement  with 
the  accepted  specific  attack  of  the  periodic 
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acid  on  the  secondary  O — H  groups.  Simi- 
larly, the  absorption  band  at  7.3  M,  which 
has  been  assigned  to  an  0 — H  deformation 
mode,  loses  definition  and  is  reduced  in  in- 
tensity. A  band  at  7.95  M,  attributed  to  a 
C— 0  stretching  of  the  carboxyl  group,  arises 
in  the  oxidized  samples.  This  band  can  be 
reduced  by  treatment  of  the  oxidized  cellu- 
lose with  sodium  hydroxide,  confirming  its 
assignment,  since  this  treatement  would  re- 
sult in  elimination  of  the  carboxylic  C=0  on 
salt  formation,  represented  by  the  vibrations 
of  the  new  COO""  group.  However,  as  con- 
siderable absorption  persists  after  this  treat- 
ment, Higgins  and  McKenzie  concluded  that 
some  aldehyde  or  ketone  absorption  is  pres- 
ent. A  sharp  band  at  about  7.0  M  becomes 
poorly  defined  in  oxidized  samples.  This 
band  is  assigned  to  a  CH2  deformation  and 
may  represent  oxidation  at  the  C«  position, 
or  may  be  accounted  for  as  destruction  of 
crystallinity.  This  is  the  band  that  O'Con- 
nor et  al*b  used  for  their  infrared  crystal- 
linity index.  The  whole  region  from  7.0  to 
11.0  M  becomes  diffuse  and  characteristic  of 
an  amorphous  polymer  as  the  oxidation 
process  continues.  There  is,  therefore,  little 
doubt  that  the  crystallites  are  attacked  as 
well  as  the  amorphous  regions. 

Applications  to  Modified   Cotton  and 
Synthetic  Fibers  and  Fabrics 

Modified  Cotton.  With  the  exception  of 
the  experiments  with  oxidized  cellulose,  all 
applications  of  infrared  absorption  which 
have  been  described  have  dealt  with  vibra- 
tions of  the  active  hydroxyl  group  or  with 
C — H  modes  which  have  been  linked  to 
crystalline  or  amorphous  character.  They 
have  been  concerned  with  only  the  cellulose 
molecule.  Today  one  of  the  principal  research 
activities  of  the  cellulose  chemist  is  the 
chemical  modification  of  the  cellulose  mole- 
cule. He  has  been  investigating  the  replace- 
ment of  hydroxyls  with  a  variety  of  organic 
functional  groups,  either  directly  or  through 
the  formation  of  intermediate  compounds, 
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to  impart  to  a  fiber  or  a  fabric  special  prop- 
erties for  specific  end  uses.  This  chemical 
modification  of  cotton  has  created  an  addi- 
tional task,  or  a  new  opportunity,  for  the 
chemical  application  of  infrared  absorption 
spectroscopy.  Infrared  spectra  can  be  used 
as  a  simple,  rapid,  and  accurate  tool  to 
identify  the  manner  in  which  a  cotton  has 
been  modified  and  to  measure  the  extent  to 
which  it  has  been  modified.  Spectra  can  be 
used  to  ascertain  whether  a  planned  modifi- 
cation has  proceeded  as  expected  to  yield 
the  desired  chemical  modification  and  to 
determine  the  efficiency  of  the  modification 
reaction  by  measuring  relative  proportions 
of  the  undesirable  and  unwanted  side  prod- 
ucts. O'Connor,  DuPr6,  and  McCall80  and 
O'Connor*1  have  described  application  of 
their  KBr  disc  technique  to  the  analysis  of 
several  chemically  modified  cottons. 

In  Figure  4  are  shown  the  infrared  spectra 
of  some  cottons  modified  by  direct  replace- 
ment of  the  hydroxyl  groups.  Figure  4  (A)  is 
the  spectra  of  partially  acetylated  cotton, 
probably  the  oldest  and  best  known  modifi- 
cation of  cotton.  Comparison  of  this  spec- 
trum with  that  of  an  unmodified  cotton,  Fig- 
ure 4  (C),  shows  that  the  acetylation  can  be 
readily  recognized,  in  the  spectrum  of  the 
modified  cotton,  by  the  appearance  of  the 
strong  band  at  5.7  M  arising  from  a  stretch- 
ing vibration  of  the  C=0  group  of  the  ester. 
This  band  can  be  used  to  measure  quantita- 
tively the  degree  of  acetylation,  as  shown  in 
Figure  5  (a).  The  acetate  group  can  also  be 
identified  by  the  appearance  of  the  charac- 
teristic band,  arising  from  a  C — 0  stretching 
at  8.10  fjL.  The  spectrum  of  an  example  of  an 
etherification,  the  cyanoethylation  of  cotton 
by  treatment  with  acrylonitrile  in  the  pres- 
ence of  sodium  hydroxide  and  water,  is 
shown  in  Figure  4  (B).  Again  comparison  of 
this  spectrum  with  that  of  the  unmodified  cot- 
ton reveals  the  presence  of  the  additional 
characteristic  band  at  4.45  /*  arising  from  a, 
stretching  vibration  of  the  Cs=N  nitrile 
group.  Quantitative  measurement  of  this 
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FIG.  4.  Infrared  absorption  spectra  of  cottons  modified  by  direct  replacement  reactions.  A.  Partially 
acetylated  (PA)  cotton;  B.  Partially  cyanoethylated  (CN)  cotton;  C.  Native,  unmodified  cotton;  D. 
Cotton  esterified  with  crotonic  acid;  and  E.  Cotton  etherified  with  benzyl  chloride.  All  as  potassium 
bromide  disk  spectra. 


group  is  illustrated  by  the  Beer-Lambert 
curve  in  Figure  5(b).  The  infrared  spectrum 
of  a  cotton  esterified  with  the  unsaturated 
aliphatic  acid,  crotonic  acid,  is  seen  in  Fig- 
ure 4  (D).  This  spectrum,  when  compared  to 
that  of  the  unmodified  cotton,  reveals  in 
addition  to  the  strong  0=0  stretching  band 
at  5.75  M,  a  sharp  band  with  ma.xiTTmm  at 
6.01  /A-  This  latter  band  arises  from  a  vibra- 
tion associated  with  C=C  stretching  and  can 
be  used  to  differentiate  cellulose  modified 
by  esterification  with  unsaturated  aliphatic 
acids.  The  spectrum  of  a  cellulose  etherified 
with  benzyl  chloride  to  produce  partially  ben- 
zylated  cotton,  Figure  4  (E),  again  by  com- 
parison with  the  spectrum  of  untreated  cot- 
ton, affords  identification  of  the  modification. 
Etherification  is,  of  course,  readily  dis- 


tinguished from  esterification  by  means  of 
infrared  spectra  by  the  absence  of  the  in- 
tense characteristic  C=0  stretching  band 
at  about  5.7  p.  Benzylated  cellulose  can  be 
differentiated  from  etherification  with  ali- 
phatic unsaturated  acids  by  the  absence  of 
the  sharp  C=C  stretching  at  6.01  /*  and  by 
the  appearance  of  two  bands  arising  from 
C=C  stretching  modes  within  the  aromatic 
ring  at  6.2  and  6.7  ju.  The  latter  of  these  two 
bands  is  the  stronger,  indicating  that  there  is 
no  conjugation  with  the  benzene  ring.  The 
identification  can  also  be  made  and  the  ex- 
tent of  benzylation  quantitatively  measured 
by  means  of  bands  at  13.57  and  14.34  M  aris- 
ing from  C— H  deformations  about  the  aro- 
matic ring. 
Chemical  modification  of  cotton  has  not 
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FIG.  5.  Beer-Lambert  relations  for  partially  acetylated  and  partially  cyanoethylated  cottons. 


yet  been  restricted  to  the  use  of  reagents 
which  will  react  readily  with  the  hydroxyl 
group.  One  technique  for  introducing  into 
the  cellulose  molecule  a  group  which  will  not 
react,  or  will  not  react  readily  with  the 
hydroxyl  group,  is  to  introduce  a  chemically 
active  group  which  is  then  replaced  by  the 
desired  group.  Replacement  of  the  sulf  onyl 
groups  in  mesylated  cotton,  that  is,  cotton 
treated  with  methyl  sulfonyl  chloride  or  in 
tosylated  cotton,  treatment  with  p-toluene 
sulfonyl  chloride,  has  been  one  of  the  more 
successful  types  of  replacement  reaction.  Both 
mesyl-  and  tosyl-ceflulose  have  been  known 
to  the  cellulose  chemist  for  a  long  time.  In 


Figure  6  the  spectra  of  cottons  modified  by 
this  type  of  replacement  reaction  are  shown. 
Figure  6  (A)  is  the  spectrum  of  mesylated 
cotton. 

A  mesylated  cotton  can  be  readily  identi- 
fied by  its  infrared  spectrum  by  appearance 
of  an  unusual  C — H  stretching  band  at  3.30 
fi  arising  from  a  C — H  stretching  of  the 
methyl  group  adjacent  to  the  80s ;  by  two 
bands  at  about  7.3  and  8.5  /i,  arising  from  the 
covalent  sulfonate  group  — 0 — SO z — R;  and 
by  bands  at  12.08  and  13.25  M  arising  from 
C — 0 — S  and  C — S  vibrations,  respectively. 
The  mesylated  cotton  was  subsequently 
treated  with  the  sodium  salt  of  p-methyl- 
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FIG.  6.  Infrared  absorption  spectra  of  cottons  modified  by  replacement  reactions.  A.  Mesylated 
cotton;  B.  Mesylated  cotton  treated  with  sodium  salt  of  p-methylthiophenol;  C.  Tosylated  cotton;  D. 
Tosylated  cotton  treated  with  potassium  thiocyanate;  and  E.  A  cotton  first  acetylated,  then  mesylated, 
and  then  treated  with  sodium  azide.  All  as  potassium  bromide  disc  spectra. 


thiophenol.  The  spectrum  of  the  product, 
Figure  6  (B),  is  characterized  by  the  strong 
band  with  maximum  at  6.68  M-  This  band  is 
seen  in  the  spectrum  of  the  p-methylthiophe- 
nol  reagent.  Its  presence  can  be  used  to 
verify  the  reaction  and  its  intensity  to  meas- 
ure the  extent  of  the  replacement.  The  com- 
plete absence  of  the  bands  which  identify 
the  mesyl  group  confirm,  in  this  example, 
that  the  replacement  reaction  has  been  quan- 
titative. 

A  tosylated  cellulose  has  been  further 
treated  with  potassium  thiocyanate  to  pro- 
duce the  replacement  product  the  spectrum 
of  which  is  shown  in  Figure  6  (D).  Tosylated 
cotton  (Figure  6,  C)  can  be  identified  by 
bands  at  7.3  and  8.5  M  arising  from  the  co- 
valent  sulf  onate  group  — 0 — SOar- R,  very 


similar  to  those  observed  in  the  spectrum  of 
mesylated  cellulose.  Tosylation  can  be  differ- 
entiated from  mesylation,  however,  by  the 
absence  of  the  3.30  v  band  and  by  the  ap- 
pearance of  either  the  C=C  stretching  bands 
of  the  aromatic  ring  at  6.25  and  6.7  /i  or  by 
the  14.2  aromatic  ring  band  (C — H  deforma- 
tions about  the  aromatic  ring).  Two  bands  in 
the  final  replacement  product  (Figure  6,  D) 
at  4.62  and  4.85  M,  assigned  to  the  CsN 
group,  identify  the  type  of  replacement  and 
could  be  used  to  measure  the  extent  of  the 
replacement  reaction. 

InFigure6  (E)  infrared  absorptionhas  been 
used  to  identify  a  multimodified  cellulose. 
This  is  the  spectrum  of  a  cotton  modified  by 
three  successive  reactions.  The  sample  was 
first  acetylated,  then  mesylated,  and  the 
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mesyl  groups  replaced  by  treatment  with 
sodium  azide  in  X,N-dimethyl  formamide. 
The  acetyl  group  is  identified  by  the  usual 
carbonyl  band  at  5.72  /*•  Complete  replace- 
ment of  the  mesyl  group  is  shown  by  the 
absence  of  any  trace  of  the  3.3  and  12.1 11 
bands.  The  azide  can  be  identified  and  might 
be  quantitatively  measured  by  the  band  at 
4.72  p,  arising  from  a  N=N  vibration. 

Some  chemically  modified  cottons  have 
been  found  to  be  much  more  readily  suscepti- 
ble to  certain  modifications  than  the  original 
unmodified  cotton.  Thus  aminized  cotton 
(AM  cotton)  and  carboxymethylated  cotton 
(CM  cotton)  can  be  modified  more  readily  or 
to  a  greater  extent  than  unmodified  cottons. 
Figures  7  (A)  and  7  (B)  are  the  spectra  of 
aminized  cotton  before  and  after  further  mod- 


ification by  reaction  with  nitromethane.  AM 
cotton  can  be  readily  recognized  by  its  infra- 
red spectrum  by  either  the  broadening  of  the 
0 — H  stretching  vibrations  about  3.0  /*  due 
to  unresolved  N — H  stretching,  or  by  the  ap- 
pearance of  the  characteristic  N — H  deforma- 
tion at  6.40  /*.  After  treatment  with  nitrometh- 
ane the  replacement  product  can  be  identified 
by  the  strong  N=0  stretching  band  at  6.47  /* 
(Figure  7,  B).  Carboxymethylated  cotton  is 
prepared  by  reaction  of  cellulose  with  a  solu- 
tion of  monochloroacetic  acid,  followed  by 
treatment  with  a  strong  solution  of  sodium 
hydroxide.  The  reaction  product  will  be  in 
the  form  of  a  sodium  salt  and  the  infrared 
absorption  spectra  will  not  reveal  the  ex- 
pected C=0  stretching  between  5.7  and  5.8  M 
(Figure  7,  C).  However  CM  cotton  can  be 
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FIG.  7.  Infrared  absorption  spectra  of  multi-modified  cotton.  A.  Aminiaed  (AM)  cotton;  B.  AM  cot- 
ton treated  with  nitromethane;  C.  Carboxymethylated  (CM)  cotton;  and  D  (CM)  cotton  treated  with 
acrylonitrile.  All  potassium  bromide  disk  spectra. 
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recognized  by  the  appearance  in  its  spectra 
of  the  characteristic  carboxylate  ion  band 
COO"  at  6.1-6.2  /*•  Identification  of  this 
band  can  be  established  by  an  acid  wash 
which  converts  the  C00~  to  the  free  acid 
with  the  0=0  stretching  band  at  5.8  M- 
Figure  7  (D)  is  the  spectrum  of  a  CM  cotton 
further  modified  by  cyanoethylation  with 
acrylonitrile.  The  extent  of  the  cyanoethyla- 
tion reaction  is  indicated  by  the  C«N  nitrile 
group  intensity  at  4.45  /*.  The  degree  of 
carboxymethylation  can  be  measured  quan- 
titatively, even  after  the  cyanoethylation  re- 
action by  measurement  of  the  intensity  of  the 
5.75  M  C=0  stretching  band. 

Thus,  in  multiple  modified  cottons  the 
two  modifications  can  be  identified  and  quan- 
titatively estimated  in  the  presence  of  each 
other  by  means  of  infrared  absorption  spec- 
tra. In  replacement  reactions  this  tool  can 
be  used  to  identify  the  replacement  group, 
to  measure  it  quantitatively  and  to  confirm 
the  complete  absence  of  the  intermediate  in 
the  final  product. 

Resin-Treated  Fabrics.  Extending  the 
techniques  used  successfully  for  the  investi- 
gation of  chemically  modified  cottons,  by 
means  of  infrared  absorption  spectra,  to  resin- 
treated  cottons  has  not  been  entirely  satis- 
factory. The  main  problem  involved  in  the 
examination  of  these  types  of  samples  is 
sensitivity.  Usually  the  amount  of  resin  in  a 
treatment,  to  impart  wash-wear  or  other 
specific  properties  to  a  cotton,  is  quite  low 
and  often,  too,  the  types  of  organic  reagents 
used  do  not  have  a  characteristic  functional 
group  which  gives  rise  to  any  particularly 
intense  band.  A  technique  to  increase  the 
sensitivity  of  the  infrared  method  is  required. 
The  most  obvious  approach  is  probably  a 
combination  of  differential  infrared  absorp- 
tion measurements  with  a  linear  scale  ex- 
pander. The  differential  technique,  that  is 
measuring  the  spectra  of  the  treated  cotton 
against  a  disc  containing  the  untreated  cot- 
ton, will  permit  the  recognition  of  specific 
groups  free  from  the  spectrum  of  cellulose. 


Linear  scale  expansion  should  permit  these 
weak  bands  to  be  examined  and  quantita- 
tively measured  at  the  low  concentration 
levels  that  are  often  found  in  these  resin 
treated  fabrics.  Experiments  on  this  ap- 
proach are  in  progress,  but  considerably 
more  experimental  work  is  needed  in  this 
area. 

Forziati  and  co-workers17  have  described 
a  method  for  the  identification  of  textile 
coatings  by  means  of  infrared  spectroscopy 
which  involves  extraction  of  the  sample  with 
a  series  of  suitable  solvents  and  identifica- 
tion of  the  textile  coating  in  the  spectra  of 
the  series  of  extracts. 

Other  Natural  and  Synthetic  Fibers. 
O'Connor,  DuPrS,  and  Mitcham8b  showed 
that  their  KBr  disc  technique  would  give 
good  spectra  of  several  natural  and  synthetic 
fibers.  Hurtubise18  extended  the  method  to 
other  types  of  fabrics.  A  task  group  has  been 
established  under  Committee  D-13  of  the 
American  Society  for  Testing  Materials  to 
study  methods  for  measuring  the  infrared 
absorption  spectra  of  natural  and  synthetic 
fabrics.  In  the  preparation  of  discs  two  prob- 
lems may  be  encountered  which  if  not  over- 
come will  result  in  unsatisfactory  spectra. 
First,  the  sample  must  be  intimately  mixed 
with  the  KBr.  Some  materials,  including 
certain  types  of  synthetic  fibers,  when  finely 
ground  become  somewhat  plastic  and  sticky, 
forming  masses  of  the  material  rather  than 
m iving  with  the  KBr  matrix.  Several  tech- 
niques have  been  described  to  overcome  this 
tendency,  including  mixing  in  a  vibratory 
ball  mill  where  there  is  a  shearing  as  well  as 
mixing  action,  and  mixing  a  larger  concen- 
tration of  sample  than  is  required  and  dilut- 
ing the  mixture  with  additional  KBr.  A 
method  found  particularly  satisfactory  is 
the  addition  of  a  volatile  solvent,  forming  a 
slurry  of  the  sample  and  KBr.  This  slurry  is 
thoroughly  mixed  and  the  volatile  solvent 
pumped  off.  With  sufficient  care  satisfactory 
spectra  can  be  obtained  by  one  technique  or 
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TABLE  I.    Fifty  Infrared  Absorption  Bands  of  Particular  Significance  in  the  Investigation  of  Modified  Cottons 


Unmodified 

Modified 

cotton 

cotton 

spectra  — 

spectra— 

approx. 

approx. 

position 
of  band 
maxima—  ^ 

Vibrating  group  most  probably 
giving  rise  to  observed 
absorption  band 

position 
of  band 
maxima  —  M 

Specific  use  in  application  of 
infrared  absorption  spectra  to 
cotton  and  modified  cotton 

2.8-3.2        Free  O-H  and  bonded  O—H  . . .  stretching 
X — H  stretching 

C — H  stretching  of  CH3  group  adjacent  to 
SO,  group 

C— H  stretching  of  C— H  and  CH*  groups 
C — H  stretching  of  CH»  group 

C«N  stretching 
CssN  stretching 

XssN  stretching 

O=O  stretching  (anhydride) 


O=O  stretching 

G=O  stretching  (ester) 
O=0  stretching  (acid) 


C=O  stretching 

OO  stretching  (amide) 


C=C  stretching  (aliphatic) 


6.13         Absorbed  H,0 

C=C  stretching  (aromatic  ring) 


Investigations  of  extent  and  type  of 
hydrogen  bonding  [11] 

3.0  Appears  as  a  broadening  of  the  2.8- 

3.2jt  0 — H  stretching  band  in  the 
spectra  of  amino-cellulose 

3.30  Identification  of  mesylation,  espe- 

cially to  differentiate  from  tosy- 
lation 

Characteristic  of  all  cottons 
3.45-3.55  Indicates  methyl  or  ethyl  cellulose 

4.45  I  dentifi  cation  and  quantitative  meas- 

urement of  cyanoethylation 

4.62  and  4.85  Characteristic  of  cotton  modified  by 
replacement  reaction  with  thiocy- 
anate 

4.72  Identification  and  quantitative  meas- 

urement of  cotton  modified  by  re- 
placement reaction  with  azide 

5.57  Coupled  with  deformation  bands  in 

13/1  region,  verifies  that  esterifi- 
cation  with  anhydride  has  been 
accomplished  without  breaking  an- 
hydride ring,  e.g.,  aconitic  anhy- 
dride 

5.58  In  absence  of  evidence  of  anhydride 

ring,  may  indicate  position  of  sub- 
stituent 

5.75  Identification  and  quantitative  meas- 

urement.of  esterification  • 

5.85  If  this  band  appears  only  after  a 

HC1  wash  it  can  be  used  to  differ- 
entiate esterification  and  etherifi- 
cation  with  an  acid.  Absence  of 
this  band  after  esterification  with 
a  dicarboxylic  acid  may  indicate 
cross-linkage 

5.98  May  indicate  esterification  with  a 

polybasic  acid 

6.00-6.06  Indicates  modification  to  form  an 
amide,  e.g.,  carbamoylethylation 
with  acrylamide;  replacement  of 
mesyl  with  N,N-dimethylformam- 
ide;  replacement  of  cyanoethyl 
with  hydroxylamine  (see  6.30/j) 

6.10  Indicates  modification  with  aliphatic 

unsaturated  compound  or  aromatic 
compound  containing  unsaturated 
side  chain 

Characteristic  of  all  cottons 
6.25  Evidence  for  acylation  with  aromatic 

compound.  Means  for  differentia- 
tion between  tosylation  and  mesy- 
lation (see  6.70/*) 
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TABLE  I. 

(Continued) 

Unmodified 

Modified 

cotton 

cotton 

spectra  — 

spectra  — 

approx. 
position 
of  band 
maxima  —  M 

Vibrating  group  most  probably 
giving  rise  to  observed 
absorption  band 

approx. 
position 
of  band 
maxima  —  M 

Specific  use  in  application  of 
infrared  absorption  spectra  to 
cotton  and  modified  cotton 

N  —  H  deformation  (amide) 

6.30 

See  6.00-6.06> 

COO~  ion  stretching  mode 

6.2-6.4 

Evidence  for  etherification  with  an 

*~iJ  ft^A  m&«tt1+inflr  Ba1+  frtrmatinn 

X — H  deformation 

C— C  stretching  of  conjugated  aromatic  ring 

O=C  stretching  (aromatic  ring) 
6.96          CHS  wagging 

7.26          C — H  deformation 

S=0  stretching  of  sulfonate,  — 0 — SOs — R 

group 

7.46          O — H  in-plane  deformation 
7.58          O— H  deformation  and/or  CHi  wagging 
7  78          O— H  deformation  and/or  CHj  wagging 

p=O  stretching 


8.02          0— H  deformation  and/or  CHa  wagging 

S=O  stretching  of  sulfonate,  — O— SOr~R 
group 

8.61          Unassigned 

8.95          Unassigned 

P— O— C  stretching 

9.45          Unassigned 
9.71          Unassigned 

.C — H  deformation 
11.20          CHi  wagging 

C — H  deformation 
C — H  deformation 

C— O— S  stretching 


C— S  (tosyl)  stretching 
C— H  deformation 

PhCHjC«0 


C—S  (mesyl)  stretching 

C— H  bending  about  anhydride  ring 

C— H  bending  about  aromatic  ring 


6.30  Probably  indicates  ami  no-cellulose  or 

2-amino-ethyl  cellulose  (see  3.0*0 
6.32  Evidence  for  acylation  with  benzoic 

type  reagent 
6.7  See  6.25** 

Measure  of  degree  of  crystallinity 

[11] 

Splitting  of  this  band  into  two  com- 
ponents   indicates    esterification 
with  isobutyl 
7.3  Evidence  for  mesylation  or  tosyla- 

tion  (see  8.5*0 
Characteristic  of  all  cottons 
Characteristic  of  all  cottons 
Characteristic  of  all  cottons 
8.0  Evidence  for  modification  with  phos- 

phoryl— not  observed  in  spectra  of 
any  modified  cottons  examined — 
see  text 

Characteristic  of  all  cottons 
8.5  See  7.3j* 

Characteristic  of  all  cottons 
Characteristic  of  all  cottons 

9.5-9.7  Evidence  for  modification  with  phos- 

phoryl  (see  8.0^) 
Characteristic  of  all  cottons 
Characteristic  of  all  cottons 

10.62  Evidence  for  methyl  cellulose 

Measure  of  degree  of  crystallinity 

cm 

10.85  and  1 1 .30      Evidence  for  ethyl  cellulose 

11.82  Evidence  for  esterification  with  iso- 

butyric  acid 

1 2. 1-1 2.3  Identification  and  quantitative  meas- 

urement of  mesylation  or  tosyla- 
tion 

12.62  Identification  of  tosylation 

12.88  Evidence  for  esterification  with  cap- 

ricacid 

13.0-13.1  Identification  and  quantitative  meas- 

urement  of   esterification    with 
phenylacetic  acid  type  reagent 
13.25  Identification  of  mesylation 

13.0  and  13.6       Verifies  esterification  -with  anhydride 

(see  5.57,0 

14.1-14.4  Identification  and  quantitative  meas- 
urement of  modification  with  aro- 
matic compound 
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another,  the  preparation  of  good  discs  be- 
coming more  of  an  art  than  a  science. 

A  second  factor  which  adversely  affects  the 
quality  of  KBr  disc  spectra  is  the  relation- 
ship between  the  index  of  refraction  of  the 
sample  and  of  the  KBr.  Harvey  et  a/.5  have 
shown  that  the  closer  the  match  in  index  of 
refraction  the  less  the  requirement  for  fine 
grinding  of  the  sample  and  matrix.  O'Con- 
nor, DuPr£,  and  MeCall8*  reported  that  they 
could  obtain  satisfactory  spectra  of  cotton 
in  KBr  discs  even  though  the  cotton  was  not 
ground  at  all,  but  merely  cut  in  a  Wiley  mill. 
Although  a  20-mesh  screen  was  adopted  for 
analytical  control,  satisfactory  discs  were 
made  with  relatively  large  pieces  of  cotton. 
This  was  explained,  on  the  basis  of  the  report 
of  Harvey  et  oZ.,  by  the  fact  that  the  average 
index  of  refraction  of  cotton  was  very  close 
to  that  of  KBr.  If,  however,  the  index  of 
refraction  of  a  material  is  considerably  dif- 
ferent from  that  of  the  KBr,  a  satisfactory 
disc  may  not  be  obtained  regardless  of  the 
degree  of  grinding.  In  these  cases  recourse 
must  be  had  to  the  use  of  another  matrix, 
with  an  index  of  refraction  closer  to  the  sam- 
ple. Harvey  et  oZ.5  comment  on  the  use  of 
other  matrices  and  demonstrate  the  improve- 
ment in  spectral  quality  in  some  illustra- 
tions. However,  this  is  another  phase  of  solid 
state  infrared  spectra  which  needs  consider- 
ably more  experimental  investigation. 

The  advantages  of  infrared  absorption 
spectroscopy  in  cellulose  chemistry,  and  its 
applications  to  fibers  and  fabrics,  both  natu- 
ral and  synthetic,  have  been  recognized  and 
described  in  recent  review  articles  by  Hur- 
tubise,18  Mann,26  and  Higgins.4*  A  list  of  fifty 
infrared  absorption  bands  of  particular  sig- 
nificance in  the  investigation  of  modified 
cottons,  taken  from  the  publication  of 
O'Connor,  BuPr6,  and  McCall'0,  is  repro- 
duced in  Table  1. 
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ROBERT  T.  O'CONNOR 

CELLULOSE  AND  ITS  DERIVATIVES: 
NEAR  INFRARED  SPECTROSCOPY 

Near  infrared  Spectroscopy  may  be  applied 
to  the  study  of  cellulose  and  cellulose  deriva- 
tives as  a  strictly  analytical  tool  or  as  a 
means  of  obtaining  physical  information 
concerning  molecular  structure  and  behavior. 
The  high  sensitivity  of  the  lead  sulfide  cell 
and  the  intense  emission  of  the  ordinary 
tungsten  lamp  permit  rapid  and  accurate 
measurement  in  the  near  infrared  region 
provided  the  dispersing  monochromator  is 
capable  of  good  resolving  power.1 
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The  analytical  possibilities  of  this  region 
are  numerous  and  include  such  fields  as  the 
determination  of  (1)  plasticizers,  (2)  water, 

(3)  acetyl  content  (or  residual  hydroxyl), 

(4)  modifiers,  and  (5)  length  of  side  chains. 
Of  course,  there  is  the  limitation  that  the 
components  of  the  sample  which  are  being 
analyzed  (analytes)  must  possess  differences 
in  molecular  structure  in  some  way  connected 
with  the  bound  hydrogen  atoms.  Near  infra- 
red  spectra  are  not  characterized  by  skeletal 
vibration  bands  but  by  overtone  and  com- 
bination bands  of  hydrogenic   stretching 
vibrations.  If  the  unknown  component  of  the 
sample  in  question  contains  an  OH,  SH, 
NH,  or  CH  linkage  which  is  different  from 
the  major  constitutent  of  the  sample,  the 
analysis  may  be  readily  accomplished.2 

The  major  contribution  of  near  infrared 
spectroscopy  to  the  physical  chemistry  of 
cellulose  is  connected  with  the  study  of  hy- 
drogen bonding.  Cellulose  contains  three 
hydroxyl  groups  per  glucose  unit  and  these 
are  replaced  in  part  or  in  whole  in  cellulose 
derivatives.  The  hydrogen  bonds  which  can 
form  between  these  hydroxyl  groups  and  any 
Lewis  base  group  such  as  oxygen  or  nitro- 
gen in  solvents  or  plasticizers  play  dominant 
roles  even  though  95%  of  the  hydroxyl 
groups  may  be  substituted.  In  the  Mowing 
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FIG.  1.  Fundamental  and  first  overtone  spectra 
of  OH  stretching  vibration  of  solutions  of  ethanol 
in  carbon  tetrachloride. 
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discussion,  use  will  be  made  of  the  near  in- 
frared spectra  of  simple  alcohols  to  illus- 
trate the  type  of  information  that  can  be 
obtained.  This  will  be  followed  by  a  few  ap- 
plications to  cellulose  acetate  solutions. 

In  the  free  or  unassociated  state  a  hy- 
droxyl group  will  absorb  energy  at  approxi- 
mately 2.75  and  1.40/1.  The  2.75^  band  is 
due  to  the  fundamental  OH  stretching  vibra- 
tion while  the  lAp  band  is  the  first  overtone 
of  this  band.  These  bands  are  very  sharp  and 
intense.  When  the  hydrogen  of  the  hydroxyl 
group  can  form  a  bridge  to  a  Lewis  base,  the 
2.75/t  band  is  displaced  to  longer  wave- 
lengths and  is  broadened.  The  extent  of  the 
shift  of  the  band  is  related  to  the  strength  of 
the  hydrogen  bond.8 

If  the  intensity  of  the  band  is  integrated 
with  wavelength,  the  associated  OH  funda- 
mental band  is  found  to  be  greater  than  that 
of  the  corresponding  unassociated  band. 
However,  in  the  case  of  the  overtone  band, 
the  intensity  (either  peak  or  integrated)  of 
the  band  of  the  associated  molecule  is  con- 
siderably less  than  that  of  the  unassociated 
molecule.  As  a  general  rule,  it  will  be  found 
best  to  use  the  fundamental  region  for  study- 
ing hydrogen  bonded  OH  groups  and  the 
overtone  region  for  studying  "free"  hydroxyl 
groups. 

As  an  example  of  this,  Figure  1  shows  the 
spectra  of  ethanol  in  the  fundamental  and 
overtone  regions  and  at  three  concentrations. 
Compensation  has  been  made  for  the  weak 
absorption  of  the  impurities  in  the  solvent, 
carbon  tetrachloride.  By  changing  the  cell 
length  inversely  with  the  solute  concentra- 
tion, the  same  amount  of  ethanol  is  main- 
tained in  the  optical  path  at  each  of  the  three 
concentrations.  The  spectrum  of  the  pure 
ethanol  shows  no  sign  of  any  sharp  unassoci- 
ated OH  band  indicating  complete  associa- 
tion of  the  ethanol  molecules.  The  hydrogen 
bonded  OH  band  is  observed  to  be  quite 
broad  with  a  maxima  around  3/*  and  1.6/i. 
The  exact  location  of  the  associated  band  in 
the  overtone  region  is  not  readily  ascer- 
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FIG.  2.  Fundamental  and  first  overtone  spectra  of  OH  stretching  vibration  of  solutions  of  ethanol 
in  Lewis  base  solvents. 


tainted  because  of  its  weak  intensity.  When 
sufficiently  diluted,  the  associated  band  dis- 
appears, leaving  only  the  sharp  "free"  band. 
It  may  also  be  observed  that  the  "free" 
overtone  band  is  more  intense  relative  to 
neighboring  background  absorption  than  is 
the  "free"  fundamental  band. 

Figure  2  shows  the  effect  of  adding  a  small 
amount  of  a  Lewis  base  to  the  ethanol.  All 
of  the  solutions  have  been  diluted  in  carbon 
tetrachloride  to  minimize  the  association  of 
alcohol  molecules  with  each  other.  Again  it 
should  be  pointed  out  that  the  "free"  OH 
band  is  relatively  more  intense  in  the  over- 
tone region  while  the  associated  band  is  more 
intense  in  the  fundamental  region.  The 
strength  of  the  bond  may  be  deduced  from 
the  perturbation  or  shift  of  the  OH  band 
upon  association.  An  even  more  elegant 
method  of  determining  the  bond  strength 
involves  measuring  the  change  in  concentra- 
tion of  associated  molecules  as  the  tempera- 
ture of  the  solution  is  increased. 

Another  and  only  recently  recognized  in- 
termolecular  effect  which  may  be  studied 
by  means  of  infrared  spectroscopy  involves 


the  weaker  electrostatic  interactions  that 
always  accompany  (or  better  are  responsible 
for)  solvation.  If  one  measures  the  exact 
wavelength  of  a  solute  band  center  in  vari- 
ous solvents  the  wavelength  will  be  observed 
to  vary  slightly.  Of  course,  the  bands  may 
be  so  broad  that  the  band  center  may  be 
difficult  to  determine  with  sufficient  ac- 
curacy. Fortunately,  the  overtone  bands  are 
often  inherently  narrower  than  the  funda- 
mental bands  thus  favoring  the  near  infrared 
region  for  this  type  of  study.  Figure  3  shows 
the  first  overtone  of  the  CH  stretching  vibra- 
tion of  acetylene  in  the  gaseous  state  and  in 
several  solvents.  The  small  perturbations 
visible  here  have  in  the  past  been  ascribed 
to  the  refractive  index  or  dielectric  constant 
of  the  solvent.  However,  a  careful  study 
reveals  no  correlation  here.  Actually,  these 
physical  attributes  of  the  solvent  are  gross 
effects  of  the  entire  solvent  molecule  and  do 
not  reflect  the  actual  electrostatic  fields  that 
exist  in  the  immediate  vicinity  of  the  solvent 
molecule.  The  solute  molecule  is  in  this  im- 
mediate vicinity  and  is  influenced  by  the  sol- 
vent fields. 
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FIG.  3.  First  overtone  of  the  CH  stretching 
vibration  of  acetylene  as  vapor  and  in  solution. 

Of  course,  these  electrostatic  fields  arise 
from  several  different  factors  commonly  as- 
sociated with  van  der  Waal's  forces,  namely, 
induction,  dispersion,  and  dipolar  forces. 
However,  it  is  not  necessary  (or  possible  at 
this  point)  to  belabor  the  source  of  these 
forces  in  order  to  improve  the  existing 
knowledge  about  intennolecular  forces.  The 
dipolar  forces  predominate  and  one  can  sum- 
marize by  saying  that  the  magnitude  of  the 
individual  diatomic  dipole  moments  and  the 
distance  separating  the  solute  and  solvent 
dipoles  largely  determine  the  extent  of  the 
interaction.  The  perturbation  increases  with 
the  size  of  the  solvent  dipoles  as  evidenced 
by  the  effect  of  the  atomic  weight  of  the  halo- 
gen in  the  series  of  halogentated  mono-sub- 
stituted benzenes.  Furthermore,  the  homo- 
geneity of  these  fields  determines  the  width 
of  the  absorption  band.  A  solvent  containing 
only  one  type  of  dipole  such  as  carbon  tetra- 
chloride  will  produce  the  narrowest  solute 
band  while  a  solvent  such  as  1-chlorodecane 
will  produce  a  broad  solute  band. 

One  can  carry  spectral  observations  fur- 
ther and  note  that  solvents  disassociate  hy- 
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drogen  bonded  solute  molecules  in  proportion 
to  the  magnitude  of  the  solute-solvent  inter- 
action as  evidenced  by  the  perturbation  of 
the  solute  bands.  Table  1  tabulates  equi- 
librium constants  for  n-amyl  alcohol  in  sev- 
eral non-hydrogen  bonding  solvents  along 
with  some  derived  thermodynamic  constants 
and  the  perturbation  of  the  OH  band.  Ac- 
tually, the  perturbation  is  proportional  to 
the  heat  of  association  of  the  alcohol  and  the 
heat  of  association  is  not  solely  determined 
by  the  equilibrium  constant  because  of  the 
entropy  effect.  Furthermore,  increasing  the 
temperature  of  the  solution  results  in  an 
expansion  or  volume  increase  which  inevita- 
bly means  an  increased  separation  between 
solute  and  solvent  dipoles.  The  perturbation 
of  solute  bands  decreases  with  increasing 
temperature  by  the  fifth  or  sixth  power  of  the 
intennolecular  separation  in  agreement  with 
theoretical  van  der  Waal's  forces.  One  further 
distinction  should  be  made  here.  The  author 
does  not  consider  the  hydrogen  bond  to  be 
a  purely  electrostatic  interaction.  The  hy- 
drogen bond  appears  to  be  a  unique  form  of 
coordinate  linkage.  The  bond  is  directional 
and  specifically  forms  between  OH  and  elec- 
tron donating  (Lewis  base)  atoms.  On  the 
contrary,  purely  electrostatic  interactions 
occur  between  any  two  neighboring  dipoles. 
Proof  of  the  above  theory  is  lengthy  and  can- 
not be  attempted  here,  but  it  does  lead  to 
interesting  observations  on  cellulose  acetate 
solutions. 
Partially  acetylated  cellulose  (10  %  resid- 

TABLE  1.  THEBMODYNAMIC  DATA  FOB  N-AMYL 
ALCOHOL  WITH  LEWIS  BASES 


Added  Compound 

JT 
(2S*C) 

A^°  (25°), 

AE°. 

kcal/ 
Mole 

AV? 
cm."* 

amyl  alcohol 

0.70 

-0.21 

-4.0 

105 

ethyl  ether 

0.81 

-0.13 

-3.4 

155 

acetonitrile 

0.85 

-0.09 

-3.6 

80 

acetone 

1.34 

-0.17 

-2.6 

125 

pyridine 

2.50 

-0.54 

-4.6 

295 

dimethylformamide 

4.02 

-0.83 

-3.6 

155 

dimethyl  sulfoxide 

9.9 

-1.36 

-4.0 

205 

CELLULOSE  AND  ITS  DERIVATIONS:  NEAR  INFRARED  SPECTROSCOPY 


ual  OH)  dissolves  in  a  number  of  solvents. 
Acetone  and  s-tetrachloroethane  have  been 
chosen  as  examples  of  two  entirely  different 
types  of  solvent.  Acetone  solvates  the  cel- 
lulose acetate  by  forming  a  moderately 
strong  hydrogen  bond  between  the  residual 
OH  groups  and  the  carbonyl  groups  of  the 
acetone.  S-tetrachloroethane  does  not  hydro- 
gen bond  to  cellulose  acetate  but  acts  as  a 
solvent  because  of  its  strong  disassociating 
ability  and  the  electrostatic  attraction  of 
CC1  dipoles  to  all  of  the  dipoles  of  the  cellu- 
lose acetate  molecule.  Because  of  the  restric- 
tions of  size  and  polarity,  there  are  few 
solvents  of  cellulose  acetate  that  act  in  the 
manner  of  s-tetrachloroethane.  However, 
there  are  considerably  more  solvents  in  the 
hydrogen  bonding  category.  In  general,  the 
stronger  the  hydrogen  bond  formed  the 
better  the  solvent,  although  steric  and  en- 
tropy effects  also  influence  solvation. 

The  viscosity  of  cellulose  acetate  solutions 
depend  to  a  large  extent  on  these  hydrogen 
bonds.  Of  course,  the  major  factor  governing 
viscosity  is  the  size  of  the  solute  particle. 
Two  solute  molecules  associated  through  a 
hydrogen  bond  form  a  solute  particle  which 
is  obviously  larger  than  the  individual  un- 
associated  particles.  Similarly,  the  cellulose 
acetate  molecule  in  associating  with  solvent 
molecules  by  means  of  hydrogen  bonds  be- 
comes larger  by  the  number  and  the  size  of 
appended  solvent  molecules. 

We  are  now  in  a  position  to  analyze  the 
results  of  a  few  cellulose  acetate  solutions. 
Table  2  presents  the  spectral  data  measured 
on  7&-amyl  alcohol,  cellulose  acetate  (10% 
residual  OH)  and  water  in  s-tetrachloro- 
ethane and  acetone.  If  the  assumption  is 
made  that  the  unperturbed  OH  band  of  the 
cellulose  acetate  occurs  at  the  same  wave- 
length as  the  OH  band  of  n-amyl  alcohol 
vapor,  the  perturbation  of  the  OH  band  in 
the  solvents  is  the  same  for  both  solutes. 
Since  the  band  centers  occur  at  very  nearly 
the  same  wavelength,  it  appears  logical  to 
assume  that  the  OH  groups  in  these  two 


TABLE  2.  SPECTRAL  DATA  ON  CELLULOSE  ACETATE 


Solute 

Solvent 

M 

Breadth 
00 

cellulose  acetate 

s-tetrachloro- 

1.426 

0.065 

ethane 

cellulose  acetate 

acetone 

1.450 

0.080 

7i-amyl  alcohol 

s-tetrachloro- 

1.426 

0.0135 

ethane 

tt-amyl  alcohol 

acetone 

1.450 

0.060 

tt-amyl  alcohol 

vapor 

1.3925 

0.013 

water 

s-tetrachloro- 

1.402 

0.014 

ethane 

water 

acetone 

1.416 

0.035 

widely  different  molecules  behave  alike.  If 
this  is  true,  the  OH  groups  in  cellulose  ace- 
tate must  not  be  intramolecularly  hydrogen 
bonded. 

Examination  of  the  breadth  of  the  bands 
reveals  considerable  difference  between  these 
two  solutes.  The  cellulose  acetate  solution  in 
s-tetrachloroethane  shows  a  much  broader 
OH  band  than  n-amyl  alcohol.  The  exact 
reason  for  this  is  not  clear.  The  absorption 
band  of  the  cellulose  acetate  in  s-tetrachloro- 
ethane is  unsymmetrical  and  this  may  be 
indicative  of  a  non-random  orientation  of 
solvent  dipoles  about  the  OH  groups  or  more 
likely  a  variation  in  the  perturbation  of  dif- 
ferent hydroxyl  groups.  The  residual  hy- 
droxyl  groups  are  both  primary  and  second- 
ary and  the  solvent  fields  may  interact 
differently  with  the  type  of  hydroxyl  group. 
Studies  have  indicated  slight  variations  in 
wavelength  of  bands  from  these  two  types  of 
hydroxy  groups.4 

The  wavelength  and  band  width  of  water 
in  the  two  solvents  have  been  included  in 
Table  2  in  order  to  make  certain  that  the 
OH  band  of  traces  of  water  would  not  be 
mistaken  for  the  OH  band  of  cellulose  ace- 
tate. When  reasonable  efforts  were  made  to 
reduce  the  water  content  of  the  solvents  and 
solutes  and  the  solvent  from  the  same  con- 
tainer was  used  in  the  reference  path  of  the 
spectrophotometer  as  in  the  sample  path,  no 
difficulty  was  experienced  in  interpreting  the 
spectra. 
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Previous  studies  have  shown  that  all  of  the 
OH  groups  in  solid  cellulose  and  cellulose 
acetate  are  hydrogen  bonded.4-  8  The  present 
study  shows  that  many  if  not  most  of  the 
OH  bands  of  partly  substituted  cellulose 
acetate  in  solution  in  s-tetrachloroethane  are 
"free."  There  is  only  a  small  increase  in  the 
absorptivity  of  the  1.425^  band  on  changing 
the  solution  concentration  from  5  to  2.5% 
indicating  nearly  complete  disassociation  at 
the  lower  concentration.  However,  there  is 
sufficient  association  to  materially  affect  the 
solution  viscosity.  In  fact,  the  solution  vis- 
cosity is  one  of  the  most  obvious  differences 
between  the  acetone  and  s-tetrachloroethane 
solutions.  In  the  former,  aU  the  inter-cellu- 
lose hydrogen  bonds  are  broken  and  replaced 
by  solvent-solute  bonds.  In  the  s-tetrachloro- 
ethane solvent,  mass  action  laws  predict 
enough  inter-cellulose  hydrogen  bonds  (at 
5  %  concentration)  to  drastically  increase  the 
viscosity  of  the  soltuions.  Films  and  fibers 
prepared  from  these  two  solutions  are  likely 
to  be  considerably  different.  In  the  non-hy- 
drogen bonding  solvents  such  as  s-tetra- 
chloroethane, the  cellulose  acetate  molecules 
associate  with  each  other  through  hydrogen 
bonds  to  the  maximum  extent  as  the  solvent 
volatilizes.  In  the  hydrogen  bonding  solvents 
such  as  acetone,  the  intercellulose  hydrogen 
bonds  do  not  have  a  chance  to  form  until 
the  solvent  concentration  drops  to  the  point 
were  viscosity  inhibits  orientation  of  the  cel- 
lulose acetate  molecules  for  maximum  inter- 
chain hydrogen  bonding. 

The  breadth  of  absorption  bands  must  be 
taken  into  consideration  when  performing 
quantitative  analysis  by  means  of  infrared 
spectroscopy.  The  integrated  absorptivity  of 
electrostatically  perturbed  bands  does  not 
vary  appreciably  with  the  breadth  or  per- 
turbation of  the  band.  However,  the  peak 
absorptivity  will  vary  considerably.  It  is  not 
usually  possible  to  use  the  same  peak  ab- 
sorptivity values  for  different  solvents. 
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COAL,  INFRARED  AND  ULTRAVIOLET-VISIBLE 

Infrared  spectra  of  coal  can  detect  the 
presence  of  chemical  groups,  preclude  the 
existence  of  suspected  structures,  and  demon- 
strate similarities  of  the  structure  of  coal 
and  other  carbonaceous  materials.1*2  The 
preferred  medium  for  determining  spectra  of 
coal  is  the  petrographic  thin  section,  but  the 
applicability  of  this  method  is  limited.  KBr 
pellets  of  coal  are  universally  applicable  and 
are  commonly  used  in  most  laboratories. 
Mineral  oil  and  other  mulling  agents  are  not 
too  satisfactory,  because  infrared  bands  of 
coal  are  broad  and  interference  of  the  bands 
of  the  mulling  agent  is  serious.2*4 

The  spectrum  of  vitrain  (the  principal 
petrographic  component)  from  Pittsburgh 
high  volatile  A  bituminous  coal,  84%  car- 
bon, is  given  in  Figure  1.  The  principal  ab- 
sorption bands  and  their  assignments  are 
included  in  the  Figure.  Spectra  were  deter- 
mined through  the  potassium  bromide  region 
to  25  microns,  but  no  bands  were  found  be- 
yond 13.3  microns.  The  following  band  as- 
signments are  controversial.  (1)  The  strong- 
est band,  6.2  microns,  is  attributable  to 
either  strongly  hydrogen-bonded  conjugated 
carbonyl  structures,  as  in  0-diketones,  or 
o-hydroxyquinones,  or  aromatic  C=C  ab- 
sorption. Preparation  of  a  char  of  a  hydro- 
carbon with  and  without  the  presence  of 
oxygen  has  shown  that  an  intense  6.2  band 
occurs  only  if  oxygen  is  present  during  the 
charring  process,  which  indicates  that  an 
oxygenated  structure  of  some  type  is  re- 
sponsible.8 (2)  The  6.9  band  is  due  partly  to 
naphthenic  CH  groups  and  partly  to  some 
other  strongly  absorbing  constituent,  pos- 
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sibly  a  small  amount  of  inorganic  carbonate 
or  a  benzenoid  group.  (3)  Absorption  at  9.7 
microns  varies  considerably  with  the  ash 
content  of  the  coal  and  has  been  attributed 
to  absorption  by  minerals  of  the  kaolinite 
type.  (4)  The  three  bands  at  long  wave- 
length, the  so-called  aromatic  bands,  may  be 
due  to  benzenoid  structures,  to  polynuclear 
aromatics,  or  possibly  to  unsaturated  groups. 
The  likely  kinds  of  substitution  on  aromatic 
rings  are  1,2-,  1,2,4-,  1,2,3,4-,  1,2,4,5- 
and  penta-substitution. 


Absorption  for  Pittsburgh  vitrain  becomes 
very  strong  at  the  edge  of  the  visible  spec- 
trum, at  0.8  micron.  This  wavelength  corre- 
sponds to  an  energy  gap  for  this  vitrain  of 
about  1.5  electron  volts.4 

The  infrared  spectra  of  chars  of  various 
materials  are  similar  to  those  of  coal.  In  or- 
der to  produce  a  coal-like  char  the  material 
to  be  charred  must  have  at  least  one  OH 
group  per  three  carbon  atoms,  or  must  be 
charred  in  an  O*  atmosphere.  The  spectra 
of  chars  prepared  at  higher  temperatures  are 
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FIG.  1.  Infrared  spectrum  of  Pittsburgh  vitrain;  0.02  mm  section,  showing  the  most  probable  band 
assignments. 
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FIG.  2.  Ultraviolet-visible  spectra  of  Pittsburgh  vitrain; ,  thin  section  and ,  KBr  pellets  at 

two  concentrations;  the  higher  concentration  is  preferable  because  of  less  scattering  loss. 
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TABLE  1.  INTENSITIES  OF  PRINCIPAL  ABSORP- 
TION BANDS  OP  VARIOUS  POLYNUCLEAR  CON- 
DENSED AROMATICS  AND  OP  CONJUGATED  POLY- 
ENES.  COMPARISON  WITH  INTENSITIES  OP 
BITUMINOUS  VITRAIN 


XinA 

Specific 
extinction 
coefficient, 
1/gcm 

Coal:  Pittsburgh  vi  train 

2220 

28 

3000 

20 

:        4000 

10 

5000 

5.2 

Compound  : 

Naphthalene 

2220 

813 

Anthracene 

2538 

1230 

Phenanthrene 

2520 

416 

Pyrene 

2400 

443 

l,2'-Dinaphthyl 

2190 

512 

Chrysene 

2670 

670 

Triphenylene 

2570 

696 

Naphthacene 

2740 

1640 

Coronene 

3018 

804 

Anthanthrene 

4330 

303 

Violanthrene 

4920 

209 

Octatrienol 

2650 

736 

Decatetraenol 

2990,  3110 

617 

similar  to  the  spectra  of  coals  of  higher  rank. 
This  similarity  of  spectra  of  chars  and  coal 
has  been  utilized  in  assigning  structures  to 
various  groups  in  the  infrared  spectrum. 

The  charring  of  coals  at  several  tempera- 
tures also  has  been  used  to  determine  the 
behavior  of  functional  groups.  The  effect  on 
coal  of  oxidation,  reduction,5  functional 
group  reactions,  irradiation  by  neutrons,6 
gamma  rays,  electrons,  light,  etc.,  can  be 
studied  effectively  by  examination  of  infra- 
red spectra. 

Ultraviolet-visible  spectra  of  coal  are  most 
non-specific  (Figure  2).  There  is  no  fine 
structure  in  the  spectrum  other  than  the 
very  broad  band  at  about  2650  A.  Little  or 
nothing  in  the  way  of  identification  of  chemi- 
cal constituents  can  be  made  from  this  struc- 
tureless spectrum.  However,  the  spectrum 
is  usable  as  a  limiting  measure  of  the  aro- 
maticity  of  coal.  Physical  and  chemical  evi- 
dence in  the  past  have  indicated  that  coal 
is  a  substance  principally  consisting  of  poly- 
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nuclear  condensed  aromatic  structures. 
These  materials  are  extremely  intense  ab- 
sorbers of  ultraviolet-visible  radiation,  but  a 
comparison  of  specific  extinction  coefficients 
(K  in  1/g  cm)  in  Table  1  indicates  that  the 
intensity  of  absorption  shown  by  the  ultra- 
violet-visible spectrum  of  a  thin  section  of 
84%  carbon  coal  vitrain  is  not  nearly  as 
great  as  the  intensity  of  absorption  of  the 
polynuclear  aromatics,  or  of  conjugated 
polyenes.  Analyses  based  on  these  data  show 
very  low  possible  concentrations  of  these 
compounds  in  coal. 
A  more  realistic  evaluation  of  possible 

TABLE  2.  ABSOEPTION  AREAS  UNDER  ULTRA- 
VIOLET-VISIBLE SPECTRA  OF  SOLUTIONS  OP  POLY- 
NUCLEAR  CONDENSED  AROMATIC  COMPOUNDS; 
CALCULATION  OP  MAXIMUM  ALLOWABLE  CONCEN- 
TRATION IN  COAL  VITRAIN  PROM  THE  ABSORPTION 
AREAS  (UNCORRECTBD) 


Compound 

Absorption 
area,  /K,  d» 
in  liter/g  era* 

ft^ftyim^|Ti^ 

possible 
concentr&- 
tions  in  84% 
C  vitrain. 
maxwt% 

Coal  vitrain,  84%  C 

0.00235a 

Naphthalene 

.0102 

23 

Tetradecahydrocoronene* 

.0120 

20 

l,2'-Dinaphthyl 

.0110 

21 

2-(l'-Naphthyl)-l- 

.0103 

23 

naphthol* 

Anthracene 

.0113 

21 

Phenanthrene 

.0088 

27 

1  ,  4-Chrysenequinone* 

.0084 

28 

Pyrene 

.0076 

31 

Chrysene 

.0097 

24 

6-Hydroxychrysene6 

.0094 

25 

1  ,  2-Benzanthracene 

.0090 

26 

Naphthacene 

.0095 

25 

1  ,  2,  5,  6-Dibenzofluorene 

.0082 

29 

Coronene 

.0083 

28 

DicoronyP 

.0093 

25 

Violanthrene 

.0099 

24 

Ave:25 

16-Component  mixture, 

25 

equal  weights 

"  Unconnected  for  reflection  losses,  light  scat- 
tering by  vitrain,  or  absorption  by  benzenoid 
structures,  non-aromatics  and  free  radicals. 

6  Aromatic  nucleus  is  the  same  as  in  the  pre- 
ceding compound. 
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condensed  polynuclear  aromatic  contents  is 
given  by  comparing  areas  under  the  coal 
spectra  with  areas  under  the  spectra  of  vari- 
ous polynuclear  compounds.  Results  of  this 
comparison  are  given  in  Table  2.  Possible 
contents  of  polynuclear  condensed  aromatics 
given  in  the  Table  are  calculated  on  the  basis 
that  all  the  absorption  under  the  curve  is  due 
to  the  coal.  The  value  of  25  per  cent  is  a 
maximum  value  and  indicates  that  the  esti- 
mates of  high  polynuclear  aromaticity  by 
other  methods  are  questionable. 

The  broad  absorption  band  at  2650  A  may 
be  attributable  to  an  unknown  carbonyl 
structure.  Absorption  in  this  region  is 
intense  for  chelated  structures  such  as  0-di- 
ketones.  It  is  possible  that  a  carbonyl  struc- 
ture might  also  be  responsible  for  the  strong- 
est infrared  band,  at  6.2  microns. 

The  color  of  coal  has  been  attributed  by 
other  workers  to  the  high  content  of  poly- 
nuclear condensed  aromatics.  If  such  struc- 
tures are  not  present  in  large  amounts,  it  is 
possible  that  free  radicals  produce  the  color. 
Free  radicals  are  known  to  be  present  in 
coals,7* 8  and  it  has  been  shown  that  a  simple 
correlation  exists  between  the  intensity  of 
ultraviolet  absorption  and  the  free-radical 
content  for  untreated  coals,  coal  asphal- 
tene  in  solvents,9  and  chemically  treated 
coals.2* *•  4 
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COBLENTZ  SOCIETY,  INC. 


The  Coblentz  Society  was  founded  in  1954 
by  a  number  of  leading  spectroscopists  who 
realized  that  a  society  devoted  to  the  needs 
of  all  spectroscopists  was  very  much  desired. 
Named  after  William  W.  Coblentz,  retired 
Chief  of  the  Radiometry  Section  of  the  Na- 
tional Bureau  of  Standards,  and  pioneer  in 
infrared  and  its  applications,  the  Coblentz 
Society  provides  a  communications  center 
and  voice  for  the  thousands  of  industrial 
chemists,  scientists,  research  workers  and 
teachers  who  use  the  tools  of  molecular 
spectroscopy. 

The  Society  was  legally  incorporated  on 
December  24,  1958,  in  Norwalk,  Connecti- 
cut, as  the  Coblentz  Society,  Inc.  The  prin- 
cipal office  is  located  in  Norwalk,  in  care  of 
The  Perkin-Elmer  Corporation. 

One  of  the  first  problems  tackled  by  the 
Coblentz  Society  was  that  of  finding  a 
method  for  the  publication  of  written  infra- 
red analytical  data.  The  editors  of  Analytical 
Chemistry  were  most  cooperative  in  provid- 
ing a  solution  to  this  problem,  and  this  quan- 
titative infrared  data  have  now  become  a 
regular  part  of  each  issue  of  Analytical 
Chemistry. 

A  well  organized  program  for  collecting 
and  publishing  infrared  spectra  of  pure  com- 
pounds has  been  set  up  and  any  individual 
may  contribute  to  this  program  by  sub- 
mitting spectra  of  pure  compounds  to  The 
Coblentz  Society  Committee  on  Infrared 
Absorption  Spectra. 

CT.AKA  D.  SMETH 

DIFFERENTIAL  SPECTROSCOPY 

Shortly  after  the  appearance  of  commercial 
double  beam  instruments,  infrared  spectro- 
scopists became  aware  of  the  possibilities  of 
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differential  spectroscopy.2'  5»  8  Infrared  dif- 
ferential spectroscopy  permits  one  to  obtain 
the  spectrum  of  a  minor  component  of  a 
mixture  in  solution.  The  technique  is  simply 
an  extension  of  the  well  known  solvent  com- 
pensation method. 

The  technique  of  solvent  compensation 
utilizes  the  double  beam  principle  in  com- 
pensating or  cancelling  out  solvent  absorp- 
tion by  placing  an  equivalent  amount  of 
solvent  in  the  reference  beam.  The  resulting 
spectrum  contains  only  solute  absorption 
bands.  In  differential  spectroscopy,  a  solu- 
tion containing  both  a  major  and  minor  com- 
ponent is  placed  in  the  sample  beam.  An 
equivalent  amount  of  solvent  and  major 
component  are  placed  in  the  reference  beam. 
The  resulting  spectrum  then  contains  only 
minor  component  absorption  bands. 

It  can  be  seen  at  once  that  this  technique 
affords  greatly  increased  sensitivity  both  for 
qualitative  and  quantitative  studies  of  trace 
components. 

In  qualitative  studies  of  a  mixture,  the 
overlapping  of  infrared  absorption  bands  by 
the  major  component  often  makes  difficult, 
and  sometimes  prevents,  the  detection  of  the 
minor  components.  The  differential  tech- 
nique of  double  beam  infrared  spectrometry 
has  largely  overcome  this  limitation,  and 
has  proved  most  successful  in  detecting  and 
identifying  minor  components.1' 4 

Infrared  differential  spectroscopy  is  also 
used  to  advantage  in  the  quantitative  deter- 
mination of  minor  components  because  of 
two  important  factors.  One  of  these  factors 
is  the  elimination  of  overlapping  absorption 
of  the  major  absorber.  The  other  factor  is  the 
"blowing  up"  of  the  instrument  ordinate 
scale  that  this  technique  effects.  This  in- 
crease in  sensitivity  will  permit  quantitative 
analyses  of  trace  components  in  the  range  of 
0.1  to  1.0%  with  a  precision  of  about 
±0.01  %  when  an  inherently  strong  absorp- 
tion band  is  employed.7 

The  method  is  also  being  used  in  the  fol- 
lowing way  as  a  criterion  of  purity:  Equal 
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weights  of  pure  standard  and  sample  are 
separately  dissolved  in  equal  volumes  of  an 
appropriate  solvent  and  placed  in  matched 
cells.  If  the  resulting  spectrum  is  essentially  a 
straight  line,  the  pure  standard  and  sample 
are  identical.8 

Another  interesting  application  of  differ- 
ential spectroscopy  has  been  in  the  study  of 
overlapping  bands  in  pure  compounds  of  un- 
known structure.  When  it  is  suspected  that 
one  broad  band  represents  partial  superim- 
posing of  two  functional  group  absorptions, 
one  of  the  absorptions  may  be  cancelled  by 
placing  a  different  material  in  the  reference 
beam  which  contains  an  equivalent  amount 
of  one  of  the  suspected  functional  group 
absorptions. 

For  optimum  results  in  obtaining  differen- 
tial spectra,  a  few  special  conditions  should 
be  observed.  Among  these  are  several  instru- 
mental adjustments  aimed  at  compensating 
for  the  large  losses  in  energy  involved.  These 
measures  include  adjusting  the  source  to  full 
intensity,  increasing  the  slit  widths,  and  in- 
creasing the  electronic  gain.  In  addition, 
when  choosing  concentration  and  cell  thick- 
ness, it  should  be  noted  that  whenever  more 
than  95%  of  the  incident  radiation  is  ab- 
sorbed, the  instrument  is  effectively  inactive. 
Absorption  cells  should  be  clean  and  well 
matched. 

The  differential  technique  in  itself  has  en- 
abled infrared  spectroscopists  to  increase  the 
sensitivity  of  quantitative  determinations 
by  at  least  a  factor  of  10.  Keeping  pace  with 
this  development,  there  have  been  two  sig- 
nificant instrumental  improvements  which 
implement  differential  analysis.  These  are 
known  as  automatic  gain  control  and  or- 
dinate scale  expansion.  Automatic  gain  con- 
trol provides  a  constant  gain  over  a  trans- 
mission range  of  10  to  100%  and  thus 
ensures  a  live  pen  under  minimum  energy 
conditions.  The  ordinate  scale  expansion  fear 
ture,  with  some  loss  in  resolution,  will  permit 
up  to  a  twentyf old  expansion  of  any  portion 
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of  the  ordinate.  With  minimal  loss  in  reso- 
lution a  tenfold  expansion  may  be  achieved. 
Further  sharpening  of  the  differential 
technique  will  certainly  be  realized  with  im- 
provements in  spectrometer  sources,  detec- 
tors, and  monochromators. 
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EQUILIBRIUM  CONSTANTS  OF  COMPLEX 
METAL  IONS 

In  1950,  Hunt  et  oZ.,8  examined  the  infra- 
red spectra  of  various  minerals  in  the  solid 
state.  In  order  to  obtain  spectra  free  from 
interference  of  Nujol  and  fluorolube,  these 
workers  examined  solids  which  had  been 
ground  to  a  particle  size  of  less  than  5  ^  in 
diameter.  The  finely  ground  material  was 
then  spread  as  a  thin  layer  on  sodium  chlo- 
ride windows.  Miller  and  Wilkins11  published 
in  1952  the  infrared  absorption  spectra  of 
159  inorganic  compounds.  Nujol  and  fluoro- 
lube were  used  to  mull  most  of  the  crushed 
solids.  Among  the  compounds  studied  was 
potassium  ferricyanide,  which  has  a  char- 
acteristic absorption  band  at  2100  cm-1. 
Three  ferrocyanides,  NaJTeCCNVlO  H20, 
Ca2Fe(CN)6-12  H20,  and  K4FE(CN)«-3 
H20,  were  also  examined  and  found  to  have 
a  characteristic  absorption  band  at  about 
2010  cm-1.  Absorption  at  this  wave  number 
is  caused  by  carbon-nitrogen  stretching  of 
the  CsN  group,  which  as  an  uncomplexed 
ion  absorbs  at  2070-2080  cnor1.  Jones  and 
Penneman7  state  that  the  peaks  observed 
for  cuprous  cyanide  complexes  are  also 
caused  by  a  similar  stretching. 

In  1954,  Jones  and  Penneman6  conducted 


an  infrared  study  of  aqueous  solutions  of 
AgCN-KCN.  A  solution  containing  three 
complex  species  was  made  by  adjustment  of 
the  relative  concentrations  of  silver  ion  and 
cyanide  ion.  Spectra  of  solutions  containing 
only  the  Ag(CN)2-  complex  were  found  to 
follow  Beer's  Law  and  were  used  to  deter- 
mine the  molar  absorptivity  of  this  species. 
Known  amounts  of  cyanide  ion  were  added 
to  change  the  ratio  of  Ag(CN)2~  to 
Ag(CN)s"".  Simultaneous  equations  were  set 
up  and  the  molar  absorptivities  for  each 
species  determined.  The  concentration  of 
these  two  species  was  calculated  from  the 
molar  absorptivities  and  the  absorbance  of 
each  species.  The  concentration  of  Ag(CN)4" 
was  found  by  the  difference  between  the 
stoichiometric  amount  of  Ag(I)  and  the  con- 
centrations of  the  other  complexes.  From 
these  data  the  following  equilibrium  con- 
stants were  determined : 

Ag(CN)8-  -  Ag(CN)r  +  CN- 

K  -  0.108  mole  l~l 
Ag(CN)4-  -  Ag(CN)r  +  CN- 

K  «  2.86  mole  1~» 

In  a  later  paper  Jones  and  Penneman7  ap- 
plied the  same  methods  to  an  investigation 
of  aqueous  solutions  of  CuCN-KCN  and 
CuCN-NaCN  systems.  Spectra  of  solutions 
containing  only  Cu(CN)4"  obey  Beer's 
Law  and  were  used  to  calculate  the  molar 
absorptivity  of  this  species.  The  molar  ab- 
sorptivity for  Cu(CN)r  was  determined  by 
changing  the  ratio  of  Cu(CN)r  to  Cu(CN)r 
by  addition  of  Cu(CN)2"  and  solving  simul- 
taneous equations.  The  concentration  of 
Cu(CN)2~  after  reaction  was  found  by  the 
difference  between  the  concentrations  of 
Cu(CN)8-  and  Cu(CN)4-  and  the  total  Cu(I) 
concentration.  Using  these  data  the  follow- 
ing ionization  constants  were  determined: 

Cu(CN),-  -  Cu(CN)r  +  CN- 

K  -  1.5  X  1(T«  mole  l~l 

Cu(CN)«-  -  Cu(CN)r  +  CN- 

K  -  5.7  X  10-«  mole  I'1 
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The  measurements  were  made  at  29°C  and 
were  corrected  to  25°C  by  the  use  of  AF  ob- 
tained by  measuring  the  absorbance  of  a 
solution  over  a  temperature  range  of  0  to 
600C. 

For  a  complete  analysis  of  the  system,  the 
dissociation  constant  for  Cu(CX)2~  must  be 
determined.  This  constant  is  not  easily  de- 
termined because  of  the  difficulty  of  meas- 
uring the  emf  of  a  cell  containing  a  copper 
electrode  in  alkaline  cyanide.  At  high  pH,  the 
copper  electrode  dissolves  with  liberation  of 
hydrogen  according  to  the  equation: 

Cu  +  2CN-  -f  HaO  -> 


Cu(CN)2-  +  OH-  -h 

In  order  to  obtain  reproducible  emf  meas- 
urements for  a  cell  containing  a  copper  elec- 
trode in  cyanide  solution,  Vladimirova  and 
Kakovsky12  used  a  hydrocyanic  acid  solution 
containing  excess  cuprous  cyanide.  They  as- 
sumed that  [H+]  =  [Cu(CN)2-].  After  re- 
moval of  the  excess  curpous  cyanide  by  fil- 
tration, the  hydrogen  ion  was  determined  by 
direct  titration  with  sodium  hydroxide  and 
the  concentration  of  the  copper  (I)  was  de- 
termined by  titration  with  potassium  iodate.8 
The  results  substantiated  the  assumption; 
thus  only  the  lowest  cuprous  cyanide  com- 
plex was  present  in  appreciable  amounts. 

Calculations  of  the  dissociation  constant 
for  Cu(CN)2~  involve  the  dissociation  con- 
stant of  hydrocyanic  acid.  Because  litera- 
ture values1*  *•  8*  *  for  the  latter  constant  are 
not  in  agreement,  uncertainty  is  introduced 
in  the  value  for  the  Cu(CN)2~  dissociation 
constant. 

McAlpine10  estimates  the  maximum  value 
for  the  equilibrium  constant  for  the  reaction 

Cu(CN)»-  -  Cut  +  3CN- 

to  be  1.2  X  10-**  at  25°(X  Jones  and  Penne- 
man7  calculate  this  constant  to  be  2.6  X 
10~*9  at  25°C  from  the  dissociation  constant 
of  Cu(CN)t~  and  the  first  ionization  constant 
ofCu(CN)a- 
The  infrared  method  for  the  determina- 
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tion  of  dissociation  constants  of  the  cuprous 
cyanide  complexes  has  the  advantage  that 
the  system  may  be  studied  in  alkaline  solu- 
tion in  the  presence  of  all  three  complexes. 
Potentiometric  methods  cannot  be  used. 
Polarographic  determinations  of  these  con- 
stants are  not  possible  because  of  the  ex- 
treme stability  of  the  complex  species.9 

In  general  this  method  is  limited  in  that 
the  species  must  absorb  in  a  range  where 
there  is  no  interference  by  the  absorption 
bands  of  water,  and  the  species  must  obey 
Beer's  Law. 
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FATTY  ACIDS  AND  RELATED  COMPOUNDS 

A  survey  of  the  technical  literature  reveals 
that  until  the  beginning  of  the  past  decade, 
the  fatty  acid  chemist  made  very  little  use 
of  infrared  spectroscopy.  A  review  paper  pub- 
lished about  the  middle  of  the  1950's1  showed 
that  only  a  few  scattered  articles  (now 
mainly  of  historical  interest)  dealing  with  the 
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application  of  infrared  spectrophotometry  to 
fatty  acid  derivatives  could  be  found  in  the 
literature  prior  to  1950. 

With  the  start  of  the  '50's,  publications 
describing  applications  of  infrared  spectros- 
copy  to  fatty  acid  chemistry  began  to  appear 
in  increasing  numbers.  During  the  first  half 
of  the  decade,  from  1950  through  1954,  an 
average  of  some  twenty  papers  a  year  ap- 
peared, 49  of  these  in  the  single  year  1954. 
This  interest  in  the  use  of  infrared  spectros- 
copy  by  the  fatty  acid  chemist  has  continued 
to  increase  during  the  second  half  of  the  dec- 
ade. Now  at  least  fifty  research  papers  deal- 
ing with  applications  of  infrared  absorption 
spectroscopy  to  fatty  acid  chemistry  are  pub- 
lished annually.  A  more  recent  review  in 
German  which  appeared  about  the  middle  of 
1958  lists  247  references,  about  100  of  which 
were  published  since  the  beginning  of  1955.2 

Most  of  the  applications  of  infrared  ab- 
sorption spectroscopy  by  the  fatty  acid 
chemist,  including  techniques  for  qualitative 
identifications  or  for  quantitative  deter- 
minations, or  for  clues  to  the  molecular 
structure  of  fatty  acid  derivatives,  have  been 
based  on  the  empirical  "group  frequency" 
approach.  Infrared  absorption  bands  arise 
as  a  result  of  changes  in  vibrational  levels  of 
a  molecule  and  the  absorption  spectrum  be- 
comes a  "fingerprint"  of  a  specific  molecule. 
The  fatty  acid  chemist,  however,  when  first 
using  this  tool  had  no  fingerprint  files  for 
identifications  by  direct  comparisons  and  re- 
sorted to  "group  frequency"  analyses. 

Julius8  was  probably  the  first  to  point  out 
that  the  infrared  spectra  of  all  compounds 
containing  a  specific  group  exhibited  the 
same  absorption  mspriTna..  He  showed,  for 
example,  that  the  infrared  spectra  of  com- 
pounds containing  the  methyl  group  always 
exhibit  a  band  with  maximum  at  3.45  mi- 
crons. Such  empirical  correlations  of  vibrat- 
ing groups  with  specifically  observed  absorp- 
tion maxima  suggested  the  possibility  of 
chemical  identification  and,  coupled  with 
intensity  measurements,  of  quantitative  de- 


terminations. The  research  papers  appearing 
in  the  early  1950's  were  mainly  surveys  or 
investigations  of  the  infrared  spectra  of  fatty 
acids,  esters,  glycerides  and  other  deriva- 
tives to  establish  correlations  which  would 
be  useful  to  the  fatty  acid  chemist  in  either 
research  problems  or  in  quality  control.4  In 
the  review  article  previously  referred  to1, 
O'Connor  has  included  a  table  listing  "One 
Hundred  Absorption  Bands  Employed  in  the 
Applications  of  Infrared  Spectroscopy  to 
Fatty  Acid  Chemistry"  (Table  1).  It  was 
the  breakthrough  establishing  these  corre- 
lations which  ushered  in  the  rapidly  increas- 
ing application  of  infrared  spectroscopy  to 
fatty  acid  chemistry. 

Most  useful  correlations  have  been  found 
either  in  the  "rock  salt"  region  of  the  spec- 
trum from  about  2  to  15  microns  or,  more 
recently,  in  the  near  infrared  region  from  just 
above  the  visible  red,  ca.  800  millimicrons  to 
about  2.5  microns.  Measurements  in  these 
regions  can  be  used  to  establish  the  presence 
(or  absence)  of  specific  functional  groups,  to 
identify  constituents  in  the  analysis  of  natu- 
ral products,  or  to  confirm  (or  obtain  initial 
clues  to)  molecular  structure.  Absorptivities 
calculated  for  bands  assigned  to  specific 
groups  can  be  used,  in  equations  derived 
from  the  Bouguer-Beer  law,  for  quantitative 
analysis  of  single  components  or  multicom- 
ponents  in  a  manner  analogous  to  the  use  of 
these  expressions  in  ultraviolet  spectropho- 
tometry. The  identification  and  intensities  of 
bands  correlated  to  specific  groups  can  also 
be  used  to  follow  the  course  of  chemical  re- 
actions or  to  determine  the  rates  of  these 
reactions. 

The  0.8  to  2.5  Micron  Region 

While  "group  frequencies"  throughout  the 
infrared  spectrum  are  used  in  the  identifica- 
tion of  compounds  or  the  elucidation  of 
molecular  structure,  several  problems  in- 
volve essentially  measurements  in  specific 
regions.  For  convenience,  illustrations  of  the 
applications  of  infrared  spectroscopy  to  fat 
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TABLE  1.  ONE  HUNDRED  ABSORPTION  BANDS  EMPLOYED  IN  THE  APPLICATIONS  OP  INFRARED 
SPECTROSCOPT  TO  FATTY  ACID  CHEMISTRY* 


No. 

w 

Vibrating  group  giving  rise  to  obs* 
absorption  band 

rved 

microns 

I.  O—  H.  C-H.  N-H.  C-D.  P-O1 
P-H  itrrtchinr  vibrations.  Begin 

ssi^J 

5  microns 

1 

2.75-240 

A.  O—  H  stretching 
Free-O-H 

2 

242-240 

Bonded  —  0-H  ...  O  of  single 

.bridged 

diater 

H               H 

3 

245-345 

Bonded  H  .  .  .  0-H  .  .  .  O—  of 

hvMvAit  rutlvma*  n»  «vj>1(j> 

dottble- 

onofea  poiymer  or  eyene 

^ 

-0          *0-dimer 

X     / 

*0 

B.  C-H  stretehiBg 

3.00-3.05 

RaeC-H 

342-8.25 

B«=0-HS 

348-842 

Bj=C-HR 

3.40-3.45 

B-O-Hg 

3.42-340 

Br-O-H, 

3.45-3.48 

Br-CH 

0 

10 

340-8.70 

B-O-H 

11 

8.70 

0-H  and  bonded  0-H...O  eon 

bina- 

tienbaad 

C.  N-H  stretchmg 

12 

2.85  and  245 

Free  N-H  primary  amide 

13 

3.00  and  3.18 

Bonded  N-H  .  .  .  primary  amide 

14 

240-445 

Free  N-H  secondary  amide 

15 

840-8.05 

Bonded  N-H  .  .  .  secondary  ami 
gte  bridge  <  tnn,) 

ie,.sln. 

16 

8.15-8.18 

Bonded  N-H  .  .  .  secondary  ami 

le.  sin* 

gU  bridge  (*•)             ^ 

17 

842-845 

Boaded^N-H  .  .  .  secondary  amid, 

icydk 

18 

245  aad  8.02 

N-H  primary  amine 

18 

245-842 

N-H  secondary  amiae 

20 

2.95-8.12 

N-H  brines 

21 

340-3.-30 

N-H»+  amiao  adds 

I>.  0-D  stretching 

22 

4.64 

0-D 

28 

444 

0-D 

X.  P-H,  P-OH  stretchings 

24 

4.05-4.25 

P-H 

25 

3.70-3.90 

P-OH 

IL  0=0  aad  C=C.  OBO  stretohimg 
tieas.  Begioa  3/i  to  6.0  aderena 

Tftra- 

A.  Aldehydes 

26 

5.75-540 

RC=0,  saturated 

H 

27 

5.83-5.90 

PhC=O,  •aryt 

H 

28 

545-545 

R—  CH=CH—  0=0,  ojl  aasaiaraU 

d 

B.  Xetones 

O 

29 

540-545 

BOHr-c£cB«B,  saturated 

38 

540-6.95 

Ph—  O-CHf,  aryi'alkyi 

81 

6.00-6.02 

Ph-O^-Ph,  diaryl 

o 

82 

6.00-645 

B—  CH=CH—  C--B,  a£  luuateratet 

L 

0 

88 

5.63 

B          C=O,  4-membtred,  ssteratei 
O 

Irfalg 

No. 

WaTeleafta 
portion  of 
ObserVed 

Vibrating  group  giving  rise  to  observed 
absorptionbaad 

micron* 

c-c 

/        \ 

34 

5.78 

B               0=0,  5-mwnbered,  satarated 

C-C 

/        \ 

85 

5.81 

B               C=O,  6-membered,  saturated 

V        /              riag,  or 

0-0 

.A.   _ 

\         /               saturated  ring 

0=0 

0=0 

/        \ 

36 

5.96 

B               0=0,  6-  (or  7-)  memhered, 
\        /               o^unsatnratedring 

C-C 

37 

5.90-6.00 

O=Ph=0,  quinone,  20=O's  on  1  ring 

38 

6.05-4.10 

O=Ph-Ph=0,  quinone,  2  0=0's  on  2 

rings 

C.  Adds 

0 

89 

5.68 

R—  C-OH,  saturated  monomer 

O...HO 

40 

540-548 

R-d-OH  .  .  .  O=C-R,  saturated  dimer 

41 

5.90-5.92 

B—  0=0—  0=0,  a,/Jtuuaturat*d 

OH 

42 

5.90-6.96 

Ph-C=O,  aryi 

43 

6.00-6.05 

Chelated  htfroxy-adds,  some  diearboxylie 

adds 

D.  Esters 

OOHs 

44 

5.65 

Hr-C=C-0=0,  vinyl  ester 

OCH» 

45 

5.75 

B-C=0,  satarated 
OCRs 

46 

5.80-542 

/ 

B—  0=0—  0=0,  O.A  uasatarated,  or 

B—  COOPh,  aryi 

E*  Laetones 

47 

540 

B-OH//      \  ft       4-membered     tu 

Y 

CHj—  CH3 

48 

5.65 

/                \ 

B-CH                      0,  %  or  6-membered 
\               /        saturated  ring 

V 

u 

u 
CH  =  CH 

/                \ 

49 

5.72 

V/  '     a,/fr  unsaterated 

- 

y 

CHf-OHt 

SO 

5.75 

B-CH                       0,  r,  or  6-membered 
\                /        satarated  ring 
OH«-C=0 
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TABLE  1.  (continued) 


"    "" 

Wavelength 

No. 

absorption 

Vibrating  group  giving  rise  to  observed 
absorption  band 

band 

micron* 

P.  0=0,  CaO  stretching 

51 

6.0-6.1 

0=0  eit  only  (weak  when  internal  in 

symmetrical  molecules) 

62 

8.08 

HOsOH 

58 

4.67-4.76 

RO=CH 

54 

4.44-4.58 

ROaOR 

5« 

5.14  and  9.45 

0=0=0 

Til    0—  H  deformations   saturated  groups. 

Region  6  to  7  microns 

56 

6.7-6.9 

—  0—  Hi—  group 

57 

6.8-7.0 

—0—0—  Hi  group,  asymmetrical  deforma- 

58 

7.15-7.20 

—  0—  (0—  H,),  group 

59 

7.20-7.25 

—  0—  (0—  Ht),  group 

60 

7.25-7.80 

0—0—  Hi  group  symmetrical  deformation 

61 

7.80-7.35 

—  0—  (0—  H«)s  group 

62 

7.45-7.50 

—  0—  H—  group 

IV.  O-O  stretching  and  C-OH  bending. 
Region  7.7  to  10.0  microns 

A      Atontinla 

68 

7.2-8.6 

A.  juconois 
Phenols 

64 

8.8-8.9 

Tertiary  open-chain  saturated 

65 

8.9-9.2 

Secondary  open-chain  saturated 

66 
67 

9.2-9.5 
8.8—8.9 

Primary  open-chain  saturated 

68 

8.9-9.2 

o>Unsaturated  or  cyclic  tertiary 

69 

9.1-9.2 

Secondary  with  branching  on  one  a-car- 
bon 

70 

9.2-9.5 

Secondary,  a-unsaturated  or  atteyeUc  5-  or 
64nembcred  ring 

71 

8.5  -10.0 

Secondary:  di-nnsstarated,  o-branched 
and  nnsaturated,  or  7-  or  8-membered 

ring 

Primary:  o>branched  .and/or  unsaturated 
Tertiary:  highly  unsaturated 

B.  Acids 

72 

7.75-7.80 

o-o 

78 

8.40-8.45 

0—0 

0.  Esters 

74 

7.90-8.00 

0-0 

75 

8.40-8.50 

c-o 

D.  Ethers 

76 

R.7-9.4 

CHj-O-CH*  alkyl 

77 

7.8-8.1 

Ph-O—Ph,  »ryl  or  =C-O,  nnstturstsd 

E.  Anhydrides 

78 

7.7-8.8 

Cyclic 

79 

8.5-0.5 

Open  chain 

JP.  Phosphorus 

80 

6.90  and  10.0 

P-O—  Ph,  aromatic 

81 

9.52 

P-O-OH,  aliphatic 

10.0  to  15.0  microns. 

A.  C-H  bending 

X                H 

82 

10.05-10.15 

C-O 

H/        \ 

X                H 

\         / 

83 

10.20-10.86 

Q=C         (tnwuonly*) 

H/        \ 

H                 H 

\         / 

84 

10.90-11.05 

0=0 

*/    \ 

X                 H 

\-0X 

85 

11.17-11.80 

No. 


86 


88 
89 
90 
91 


95 

96 
97 
98 
99 
100 


Wavelength 

position  of 

observed 

absorption 

band 


murron* 


9.75  and  11.55 
10.9  and  11.3 
10.81  and  11.16 

9.68.  9.86. 

11.05  and  11. 60 

11.2 

12.0 

11.8, 12.9, 

and  14.7 

12.0 

12.95 

18.0 

18.5 

18.8 

7.5-8.5 


X 


0=0         (cfronly*) 
H  H 


B.  Skeletal  and  "breathing" 
Cyclopropane 
Cydobntane 
Cyclopentane 

Oydohexane 


i  ring  derived  from  internal 
l<*wiuonly) 


Benzene  ring 

Hydroperoxide 

Ethyl 

OH,  rocking  on  long  carbon  chain 

n-Propyi 

Hydroperoxide 

Progression  of  bands  in  solid  state  i 


of  chain  length. 


•The  exact  position  of  maximum  absorption  depends  upon 
the  measurements  were  made  on  the  pure  liquid,  solid.  moU,  or  solvent 
and  on  the  nature  of  the  particular  sofrtat.  Several  band  positions  are 
also  critically  dependent  upon  neighboring  groups. 

The  vatalTandninge  given  in  ibis  table  are  from  the  authors  oolkc- 
tion  of  these  bands  in  fatty  add  materials  mostly  from  original  rtoorts 
in  technical  journal*.  They  represent  average  values  of  ranges  of  the 
various  data  that  have  been  reported  for  the  specific  absorption. 


and  oil  chemistry  will  be  discussed  in  se- 
lected wavelength  regions.  Figure  1  shows 
the  infrared  absorption  spectra  of  typical 
fatty  acid  materials. 

The  near  infrared  region  of  the  spectrum 
is  defined  roughly  as  the  wavelength  inter- 
val just  above  the  visible  red,  about  800 
millimicrons,  to  about  2.5  microns.  This  re- 
gion was  the  first  to  be  investigated  by  in- 
frared spectroscopists  as  an  extension  of  the 
visible  region  when  photographic  plates  were 
used  as  the  only  detectors  with  glass  or 
quartz  optics.  With  the  advent  of  thermo- 
couples and  bolometers  as  detectors  and  the 
introduction  of  sodium  chloride  optics,  in- 
vestigations in  the  rock  salt  region,  from 
about  2.5  to  15  microns,  were  actively  pur- 
sued and  the  near  infrared  region  largely 
neglected.  The  recent  extension  of  the  ultra- 
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WAVE  LENGTH  (MlCftONS) 


FIG.  1.  Infrared  absorption  spectra  of  typical  fatty  acid  materials.  Stearic  acid,  methyl  laurate, 
tristearin,  trielaidin,  ricinelaidie  acid,  methyl  ricinelaidate,  alpha  eleostearic  acid,  beta-eleostearic  acid. 


violet — visible  spectrophotometers  to  in- 
clude wavelengths  to  2.5  or  3.0  microns  has 
resulted  in  a  revival  of  interest  in  this  region. 
In  the  near  infrared  region  are  found  many 
absorption  bands  resulting  from  overtone 
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and  combination  bands  associated  with  hy- 
drogen atoms.  Among  these  are  the  first 
overtones  of  the  — OH  and  — NH  hydrogen 
stretching  vibrations  near  1.4  and  1.5  mi- 
crons, respectively,  and  combination  bands 
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resulting  from  C — H  stretching  and  deforma- 
tion vibrations  of  alkyl  groups  at  2.2  and  2.6 
microns. 

Holman  and  Edmondson  have  published  a 
report  of  a  survey  of  the  near  infrared  region 
and  its  potential  applications  to  fatty  acid 
chemistry.5  Of  particular  interest  to  the  lipide 
chemist,  they  found  that  it  was  possible  to 
distinguish  ds  double  bonds,  terminal  double 
bonds,  hydroxyl  groups,  amine  groups,  hy~ 
droperoxide  and  carbonyl  and  carboxyl  com- 
pounds. For  identification  and  determination 
of  these  groups  the  near  infrared  offers,  in 
certain  cases,  advantages  over  longer  wave- 
length regions.  For  example,  bands  at  1.18, 
2.14  and  2.19  microns,  which  should  lend 
themselves  to  quantitative  analysis,  were  at- 
tributed to  ds  unsaturation.  Similar  bands  in 
the  10  micron  region  (which  have  been  used 
very  successfully  for  determinations  of  trans 
bonds)  have  not  proved  very  satisfactory  for 
the  direct  determination  of  the  ds  isomers. 
Furthermore,  in  the  near  infrared  spectra 
these  measurements  of  ds  unsaturation  are 
entirely  free  from  any  interference  by  trans 
isomer  vibrations.  Similarly,  the  hydroper- 
oxide  group  can  be  easily  recognized  and 
measured  in  the  near  infrared  region  by 
overtone  bands  at  1.46  and  2.08  microns, 
whereas  the  fundamental  vibrations  about 
2.8  microns  usually  do  not  distinguish  these 
structures. 

Identification  and  Determination  of 
Unsaturated  Cis  Bonds.  Goddu6  showed 
that  bands  in  the  near  infrared  at  1.6  or  2.1 
microns  could  be  used  to  determine  quanti- 
tatively terminal  double  bonds  in  several 
types  of  organic  molecules  with  a  sensitivity 
within  0.01%  O=CH2  and  that  ds  double 
bonds  could  be  determined  at  2.1  microns 
with  a  sensitivity  of  about  1%  — CH= 
CH — .  No  methods  for  trans  bonds  appeared 
available  in  the  near  infrared  (see  discussion 
under  10  micron  region,  p.  430).  The  absence 
of  absorption  attributable  to  trans  isomers 
makes  it  possible  to  analyze  mixtures  con- 
taining terminal,  ds  and  trans  double  bonds 


rapidly  and  accurately  for  ds  and  terminal 
double  bond  content. 

Holman,  Ener  and  Edmondson7  investi- 
gated the  application  of  near  infrared  ab- 
sorption to  the  analysis  of  fatty  acids  and 
fatty  acid  derivatives  for  ds  isomer  content. 
They  found  that  the  method  could  be  em- 
ployed for  rapid  analysis  of  fatty  acids, 
methyl  and  ethyl  esters,  triglycerides,  choles- 
teryl  esters  and  fatty  aldehydes.  They  com- 
pared results  for  the  analysis  of  these  types 
of  materials  for  ds  content  by  the  direct 
near  infrared  procedure  with  the  calculation 
by  means  of  a  determination  of  trans  isomer 
content  (from  measurements  in  the  10  mi- 
cron region),  an  estimation  of  total  unsatura- 
tion by  means  of  iodine  value,  and  calcula- 
tion of  ds  content  by  difference.  Results  by 
the  direct  and  indirect  methods  were  in 
reasonably  good  agreement.  The  near  infra- 
red procedure  as  a  direct  method  for  ds 
isomer  content  has  the  decided  advantages  of 
rapidity,  selectivity,  and  sensitivity,  which 
should  be  of  considerable  help  to  the  lipide 
chemist. 

More  recently,  Fenton  and  Crisler8  have 
described  the  determination  of  ds  unsatura- 
tion in  oils  by  near  infrared  spectroscopy. 
They  have  reported  details  for  the  satisfac- 
tory application  of  the  method  to  the  anal- 
ysis of  vegetable  and  drying  oils,  hydro- 
genated  oils,  shortenings  and  margarines  by 
a  differential  infrared  technique. 

Hydroxyl  Number  and  Hydroperoxide 
Determination  From  Near  Infrared 
Measurements.  Another  application  of  the 
near  infrared  which  is  of  considerable  inter- 
est to  the  fatty  acid  chemist  is  the  direct 
determination  of  hydro^grl  number  by  meas- 
urement of  the  — OH  overtone  band  intensi- 
ties. Crisler  and  Burrill9  have  described  a 
method  for  determination  of  the  hydroxyl 
value  of  aliphatic  primary  alcohols  from 
measurement  of  the  hydroxyl-stretching 
overtone  band  at  1.4  microns.  The  procedure 
was  compared  to  the  chemical  acetic  anhy- 
dride— pyridine  method.  Comparison  of  the 
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near-infrared  and  chemical  procedures,  cal- 
culated as  a  standard  deviation,  was  0.27, 
which  is  better  than  the  standard  deviation 
of  the  chemical  method,  0.77,  for  hydroxyl 
value  determinations  in  the  same  range.  At- 
tempts to  extend  the  method  to  the  deter- 
mination of  hydroxyl  values  of  secondary, 
tertiary,  branched  alcohols  and  to  phenolic 
compounds  showed  conclusively  that  there 
is  a  relatively  wide  variation  in  absorptivities 
of  the  various  types  of  alcohols  and  that  a 
single  calibration  curve  cannot  be  used  for 
all  — OH  containing  systems.  The  near- 
infrared  procedure  can  be  used  for  any  sys- 
tem after  suitable  calibration  data  are  ob- 
tained. 

C.  L.  Hilton10  used  near-infrared  bands 
between  2.0  and  3.0  microns  to  determine 
the  hydroxyl  numbers  of  polyesters  and  poly- 
ethers.  Interferences  by  acids,  alcohols,  hy- 
droperoxides,  and  other  — OH  containing 
compounds  and  from  amides,  amines  and 
oxiamines  were  corrected  mathematically. 

Upon  examination  of  the  near-infrared 
spectra  of  a  number  of  hydroperoxides  of 
fatty  acid  esters  and  related  substances, 
Holman  and  co-workers11  found  that  only 
those  compounds  having  an  — 0 — 0 — H 
group  exhibited  absorption  bands  at  1.46 
and  2,07  microns.  These  bands  were  used  to 
follow  the  thermal  decomposition  of  the 
methyl  oleate  hydroperoxide  and  the  autooxi- 
dation  of  methyl  linoleate.  Intensities  of  the 
bands  at  1.46  and  2.07  microns  were  shown 
in  both  studies  to  parallel  the  iodometric  per- 
oxide values.  Terminal  epoxides  have  sharp 
absorption  bands  in  the  near-infrared  region 
at  1.65  and  2.20  microns.  These  bands  were 
used  by  Goddu  and  Delker12  for  the  quanti- 
tative determination  of  the  epoxide  ring  in 
the  range  of  10  gamma  per  ml  of 

O CH, 
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O 

with  an  accuracy  and  precision  over  most  of 
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this  range  of  from  ±1  to  2  %  of  the  amount 
present. 

The  3  Micron  Region 

Investigations  of  Oxidation  and  Auto- 
oxidation*  Several  workers  have  used  the 
— OH  stretching  fundamental  band  at  about 
2.8  microns  to  obtain  further  understanding 
of  the  complex  problems  of  autooxidation 
and  rancidity — problems  of  considerable 
importance  to  the  lipide  chemist.  (References 
to  the  original  publications  will  be  found  in 
the  review  article  cited  above.1)  Dugan, 
Beadle  and  Henick  examined  the  infrared 
spectra  of  autooxidized  methyl  linoleate.  In 
the  region  of  — OH  stretching,  2.8  to  3.0 
microns,  two  bands  were  observed  both  in- 
creasing with  increased  peroxide  value,  one 
sharp  and  distinct  at  2.88  microns,  the  other 
broad  with  maximum  about  2.92  microns. 
Reduction  of  the  oxidized  sample  with  KI 
resulted  in  the  disappearance  of  the  band 
with  maximum  at  2.92  microns  and  appear- 
ance of  a  new  band  with  maximum  at  2.86 
microns.  The  band  with  maximum  at  2.92 
microns  was  attributed  to  the  hydroperoxide, 
— 0 — 0 — H,  group  associated  by  hydrogen 
bonding.  The  bands  at  .2.86  and  2.88  microns 
were  attributed  to  the  — OH  stretching 
vibrations.  These  conclusions  differ  from 
those  of  Shreve  et  oZ.,  who  considered  the  hy- 
droperoxide and  hydroxyl  stretching  vibra- 
tions to  be  identical.  However,  only  un- 
der conditions  of  highest  resolution  would 
the  differences  reported  by  Dugan,  Beadle 
and  Henick  be  observed.  Now,  after  ten 
years  development  of  infrared  spectroscopy 
since  the  report  of  Dugan,  Beadle  and 
Henick,  it  might  be  of  interest  to  investigate 
these  oxidation  products  in  the  near  infra- 
red, observing  changes  in  the  overtone  re- 
gion, where  hydroxyl,  hydroperoxide,  alde- 
hyde, etc.,  groups  appear  to  be  well  resolved 
and  readily  recognized.5 

Early  in  the  last  decade,  Lemon,  Eorby 
and  Enapp  examined  fractionated  products 
of  methyl  esters  of  peanut  oil  fatty  acids 
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autooxidized  at  temperatures  of  22  to  100°, 
by  means  of  infrared  spectra.  In  the  region 
of  — OH  stretching  vibration  they  found  a 
band  developing  in  the  early  stages  of  auto- 
oxidation  which  they  believed  to  be  associ- 
ated with  the  hydroperoxide  — 0 — 0 — H 
group.  Later  two  bands  at  longer  wave- 
lengths appeared  which  were  attributed  to 
decomposition  of  the  hydroperoxide  to  other 
compounds  containing  — OH  groups.  In- 
creasing the  temperature  increased  the  rate 
of  both  hydroperoxide  formation  and  de- 
composition. The  presence  of  iron  stearate 
catalyzed  only  the  decomposition. 

Catravas  and  Krafo  found,  from  examina- 
tion of  infrared  spectra,  that  autooxidation 
of  methyl  oleate  and  methyl  linoleate  gave 
unstable  alcohols  which  are  subsequently 
further  oxidized  to  ketones.  The  — OH 
stretching  band  at  2.9  microns  was  used  by 
Honn,  Bezman  and  Daubert  to  study  the 
autooxidation  of  linseed  oil.  A  nonunifonn 
increase  in  the  intensity  of  this  band  is 
noted,  very  slow  during  an  initial  induction 
period,  then  very  rapid  as  the  various  oxida- 
tion reactions  proceed  at  accelerated  pace. 
The  increase  in  the  intensity  of  the  2.9 
micron  band  during  autooxidation  was  ac- 
counted for  by  formation  of  hydroperoxide 
— O— 0— H,  carboxyl,  — COOH,  and  alcohol 
or  water  ROH  groups,  all  giving  rise  to  — OH 
stretchings.  By  a  combination  of  chemical 
and  spectrophotometric  methods,  the  in- 
crease in  concentration  of  each  of  these 
groups  was  followed. 

The  peracetic  and  performic  acid  oxida- 
tion of  linoleic  acid  was  studied  by  McKay, 
Levitin  and  Jones.  Two  new  oxidation  prod- 
ucts were  isolated  along  with  the  isomeric 
sativic  acids.  These  were  partially  character- 
ized by  means  of  infrared  absorption  spec- 
troscopy.  Spectra  established  that  the  com- 
pound formed  by  oxidation  with  performic 
acid  contained  hydroxy  groups  in  the  chain. 
A  weak  band  at  about  3.27  microns  indicated 
either  an  unsaturated  linkage  or  possibly  a 
cyclopropyl  group.  The  latter  appears  more 


probable  since  the  spectra  failed  to  show  any 
evidence  of  unsaturation  at  either  the  region 
of  C=C  stretching,  about  6.0  to  6.2  microns, 
or  in  the  region  of  C— H  bending,  about  the 
C=C  group,  between  10  and  11  microns. 

Smith,  Freeman  and  Jack  obtained  in- 
frared absorption  curves  of  monoethenoid 
methyl  ester  fractions  of  milk  fat  in  the 
range  Cio  to  620  and  compared  them  to  avail- 
able spectra  of  pure  saturated  and  unsatu- 
rated esters  of  long  chain  fatty  acids.  Ab- 
sence of  a  band  at  2.8  to  2.9  microns  showed 
that  no  oxidation  had  occurred  to  give  hy- 
droperoxidic  hydroxyl  formation.  Methyl 
linoleate  hydroperoxide,  produced  by  ultra- 
violet catalyzed  oxidation  of  methyl  linole- 
ate, was  thermally  decomposed  in  the  pres- 
ence of  the  methyl  linoleate  by  Williamson. 
The  thermal  decomposition  products,  con- 
sisting of  monomers,  dimers,  and  trimers, 
were  studied  by  means  of  infrared  absorption 
spectra. 

Studies  of  Drying  Oil  Mechanism. 
Another  problem  in  which  infrared  absorp- 
tion spectroscopy  has  been  proving  to  be  of 
considerable  help  to  the  fatty  acid  chemist  is 
that  of  the  drying  mechanism  of  drying  oils. 
Adams  and  Auxier  reported  changes  in  the 
infrared  spectra  of  synthetic  oils  as  a  func- 
tion of  drying  time.  The  intensities  of  a  band 
at  about  2.8  microns,  attributed  to  forma- 
tion of  the  hydroperoxide  group,  and  of  a 
band  at  3.27  microns,  assigned  to  a  C— H 
stretching  on  a  carbon  atom  adjacent  to  a 
double  bond,  were  followed  as  drying  pro- 
ceeded. The  2.8  micron  band  increases  in 
intensity  and  the  3.27  band  decreases  until 
finally  a  reasonably  stable  value  is  reached 
by  each  at  about  the  same  time.  This  is  the 
effect  to  be  expected  if  one  band  represents 
increase  in  hydroperoxide  formation  and  the 
other  decrease  in  unsaturation  during  drying 
process.  Slopes  of  curves  of  intensity  versus 
drying  time  were  of  the  same  order  as  drying 
rates.  Linolenates  had  steeper  slopes  than 
linoleates,  which  were  in  turn  steeper  than 
oleates,  again  in  agreement  with  known  dry- 
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ing  rates.  This  was  interpreted  as  support  for 
the  theory  that  the  carbon  atom  alpha  to  a 
double  bond  is  particularly  susceptible  to 
oxidation  and  that  a  methylene  carbon  be- 
tween two  double  bonds  is  more  so. 

Adams,  Auxier  and  Wilson  interpreted  re- 
sults of  their  studies  of  the  infrared  absorp- 
tion of  dipentaerythritol  esters  of  oleic, 
Unoleic  and  linolenic  acids  in  a  similar  man- 
ner. They  also  found  that  the  band  at  about 
2.8  microns  increases  and  the  band  at  3.27 
microns  decreases  during  the  drying  process 
and  interpreted  this  observation  as  support 
for  the  theory  that  during  the  initial  stages 
of  autooxidation  of  drying  oils,  the  first  step 
is  the  formation  of  hydroperoxides  on  the 
carbon  atom  alpha  to  the  double  bonds.  Nich- 
olls  and  Hoffman  also  showed  that  the  in- 
frared spectra  of  pentaerythritol  esters  of 
linseed  oil  fatty  acids,  blown  linseed  oil,  heat 
polymerized  Unseed  oil  and  other  substances 
exhibit  an  — OH  stretching  band  at  about  2.9 
microns  which  progressively  increases,  in- 
dicating formation  of  hydroxyl,  — OH,  or 
hydroperoxide,  O— O — H,  groups. 

O'Connor  has  summarized  in  some  detail 
applications  of  infrared  absorption  spectra 
to  autooxidation  and  drying  oil  mechanism 
in  his  review;1  Crecellius,  Kagarise  and 
Alexander11  credit  infrared  spectroscopy 
(along  with  ultraviolet)  with  considerably 
stepping  up  progress  toward  understanding 
drying  oil  oxidation  mechanisms.  They 
discuss  in  detail  interpretation  of  the  changes 
in  infrared  spectra  during  drying  in  their 
excellent  review  entitled  "Studies  of  the 
Mechanisms  of  Drying  Oil  Oxidation." 

Quantitative  Applications  in  the  3 
Micron  Region.  Using  plots  of  the  ratio  of 
the  absorptivities  at  3.20  microns  ( — OH 
stretching)  to  that  at  3.43  microns  (G — H 
stretching),  Bayzer,  Schauenstein  and  Win- 
sauer14  determined  the  hydroxyl  content  of 
hydroxy  acids.  The  ratio  0.443  for  12-hy- 
dioxystearic  acid  is  directly  proportional  to 
the  number  of  — OH  groups  in  di->  tetra- 
and  hexa-hydroxystearic  acids*  Kabasakalian, 
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Townley  and  Yudis16  found  that  the  number 
of  — OH  groups  contained  in  a  steroid  mole- 
cule can  be  determined  by  use  of  the  funda- 
mental — OH  stretching  absorption.  Absorb- 
ance  of  the  associated  3.05  micron  — OH 
band  was  shown  to  be  linear  with  concentra- 
tion and  independent  of  the  type  of  hydroxyl 
group. 

Thomas16  used  infrared  absorption  in  the 
3  micron  region  to  determine  the  concentra- 
tion of  the  alcoholic  — OH  and  the  carboxyl 
COOH  groups  quantitatively,  in  the  same 
molecule,  as  in  omega-hydroxypalmitic  acid. 
In  very  dilute  solution  the  —OH  stretching 
vibration  occurs  at  2.74  microns,  the  position 
of  free  —OH.  The— OH  stretching  of  the 
COOH  group,  however,  even  in  very  dilute 
solution,  is  bonded,  probably  as  a  single 
bridge  dimer,  and  the  band  appears  at  2.84 
microns.  Davies17  has  shown  that,  even  in 
very  dilute  solution,  — OH  bonding  still 
exists  (20%)  in  omega-hydroxyundecanoic 
acid  by  reason  of  intracyclization, 

(CH2)9— CHjO 

I  I 

0=0 -H 

OH 

The  5-6  Micron  Region 

The  wavelength  interval  between  about 
5.0  and  6.5  microns  is  the  region  of  double 
bond  stretching  vibrations  (see  Table  1). 
Of  particular  interest  to  the  lipide  chemist 
are  the  C=0  stretchings  of  acids,  esters, 
ketones,  aldehydes,  anhydrides,  andlactones, 
all  of  which  exhibit  characteristic  bands  in 
this  region.  The  C=C  stretching  vibration 
is  also  seen  in  this  region  at  about  6.1  mi- 
crons. McCutcheon,  Crawford,  and  Welsh18 
used  this  band  to  distinguish  between  cis  and 
trans  unsaturation.  They  measured  the  spec- 
tra from  5  to  6.5  microns  and  used  the  very 
weak  band  at  6.0  microns  assigned  to  a 
O=C  stretching*  Theoretical  considerations 
show  that  the  cis  double  bond  should  absorb 
at  6.0  microns  while  the  trans  bond  should 
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not.  Using  ethyl  stearate  as  a  blank  to  cancel 
the  very  strong  0=0  absorption  in  this  re- 
gion, it  could  be  shown  that  oleic  acid  had  a 
cis  configuration,  linoleate  a  cis,  as,  and 
linolenate  a  cis,  cis,  cis  structure.  Elaidic 
acid  similarly  was  shown  to  be  the  trans  iso- 
mer  and  linelaidate  to  have  a  trans,  trans 
configuration.  Raman  spectra  have  con- 
firmed these  results.  However,  because  the 
0=0  stretching  vibration  band  at  6.0  microns 
is  very  weak,  and  since  there  is  interfering 
absorption  from  the  strong  0=0  stretching 
vibration,  this  method  has  not  proved  very 
satisfactory.  More  accurate  identification 
and  determination  of  unsaturated  double 
bonds  can  be  made  using  the  near  infrared 
for  cis  and  the  10  micron  region  for  trans 
double  bonds. 

Morris,19  in  a  review  of  investigations  on 
the  mechanisms  of  fat  oxidation  and  its  re- 
lation to  rancidity,  includes  a  discussion  of 
the  role  of  infrared  spectroscopy,  emphasiz- 
ing the  important  gains  in  the  understanding 
of  these  complex  reactions  by  means  of  this 
tool.  The  0=0  stretching  vibrations  of 
various  fatty  acid  derivatives  between  5  and 
6.5  microns  (see  Table  1)  have  enabled  sev- 
eral workers  to  follow  the  course  of  autooxi- 
dation,  rancidity  and  the  development  of 
off-flavors. 

A.  S.  Henick20  has  investigated  the  auto- 
oxidation  of  milk  fat  by  observation  of 
changes  in  the  infrared  spectra  of  the  volatile 
components.  An  off-flavor,  off-odor  sample 
of  rafllr  was  steam-distilled  in  vacuo,  and  the 
infrared  spectra  of  the  distilled  fraction  ex- 
amined in  082  solution.  In  the  range  of 
0=0  stretching,  bands  appear  at  5.77,  5.81, 
5.91,  and  6.11  microns.  For  comparison,  the 
spectra  of  fresh  nrilk  were  examined  and 
shown  to  exhibit  only  two  bands  in  this  re- 
gion, at  5.80  and  5.75  microns.  Upon  storage 
the  5.80  micron  band  remains  unchanged  but 
the  5.75  micron  band  shifts  to  5.70  microns. 
With  longer  storage  new  peaks  appear  at 
5.86  and  5.91  microns  and  still  longer  storage 
results  in  the  appearance  of  a  band  with 


at  6.10  microns,  which  increases 
in  intensity  as  the  storage  period  is  increased. 
The  bands  at  5.91  and  6.11  microns  were 
shown  to  arise  from  conjugated  ketones, 
aldehydes  being  eliminated  by  negative 
Schiff  tests.  Infrared  spectrophotometry  was 
found  to  be  more  sensitive  to  changes  than  a 
qualified  taste  panel  and  considerably  more 
sensitive  than  peroxide  value  determina- 
tions. Chang  and  Kummerow21  used  infrared 
spectra  to  detect  the  ketonic  carbonyl  group 
at  5.83  microns  in  the  presence  of  the  ester 
carbonyl  group  at  5.75  microns,  thereby  set- 
tling a  controversial  point  by  proving  that 
oxidation  polymers  of  ethyl  linoleate  are 
linked  through  carbon  to  oxygen  bonds 
rather  than  carbon  to  carbon  bonds.  Molai- 
son,  O'Connor  and  Spadaro22  used  the  disap- 
pearance of  the  5.78,  0=0,  band  to  confirm 
completion  of  reaction  in  their  preparation 
of  long-chain  unsaturated  alcohols  from 
jojoba  oil  by  sodium  reduction. 

Quantitative  methods  were  suggested  by 
Harrison  and  Tolberg28  in  connection  with 
their  investigations  of  the  effects  of  several 
fatty  acids  on  the  polymerization  of  styrene. 
They  established  a  multicomponent  system 
of  analysis  with  methyl  and  ethyl  benzoate, 
measured  at  5.70  microns,  as  the  standard 
for  benzoate;  methyl  stearate,  measured  at 
5.75  microns,  for  the  fatty  esters;  and  heat 
polymerized,  carboxyl-free  polystyrene,  for 
the  polystyrene.  Measurements  were  made 
at  only  the  two  carboxy  frequencies  since  the 
contribution  of  polystyrene  was  small  and 
constant. 

The  amount  of  ester  wax  present  in  emul- 
sion polish  was  estimated  by  Murphy  and 
Schwemer24  from  a  comparison  of  the  in- 
tensity of  the  5.75  micron  band  with  that  of 
the  OH2  and  CH8  deformation  band  at  6.81 
microns.  The  benzene  ring  deformation  band 
at  6.61  microns  was  used  in  a  similar  fashion 
to  determine  the  per  cent  of  phenolic  resin  in 
the  emulsion  formulation.  Bands  at  5.78 
microns,  characteristic  of  the  ester,  and  at 
6.10  microns,  characteristic  of  the  morpho- 
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lide,  were  used  by  Dupuy,  O'Connor  and 
Goldblatt25  for  diagnostic  purposes  and  for 
analysis  of  morpholides  of  ricinoleic  acid  and 
some  of  its  derivatives. 

An  investigation  of  the  spectra  of  iodolac- 
tonization  of  acids  lead  van  Tamelen  and 
Shamma26  to  suggest  a  method,  based  on 
measurement  of  bands  in  the  5  micron  re- 
gion, for  the  determination  of  the  position  of 
double  bonds.  A  band  at  5.6  microns  in  the 
spectrum  of  the  iodolactone  indicates  that 
the  starting  acid  was  probably  beta-gamma 
or  gamma-delta  unsaturated.  Absorption  at 
5.75  microns  demonstrates  the  probable 
presence  of  a  delta-epsilon  double  bond. 

In  the  spectra  of  natural  fats  and  oils  the 
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FIG.  2.  Infrared  absorption  spectra  of  cis  and 
tram  ieomers.  Methyl  oleate,  methyl  elaidate  and 
methyl  steftrate  in  CHds  solution, 
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appearance  of  additional  bands  about  the 
5.72  micron  band  of  the  ester  C=0  stretch- 
ing indicates  the  formation  of  aldehydes, 
ketones  or  acids.  These  measurements  are 
frequently  difficult  because  of  insufficient 
resolution  in  this  region.  Dugan,  Beadle  and 
Henick  report  that  absorption  arising  from 
keto  and  aldehyde  carbonyl  appears  only  as 
indefinite  shoulders  on  the  strong  bands  due  to 
ester  carbonyl.  In  spite  of  these  limitations, 
however,  infrared  spectroscopy  has  made  a 
considerable  contribution  to  the  understand- 
ing of  autooxidation,  rancidity  and  drying 
oil  mechanism.  Increasing  availability  of 
instruments  providing  considerably  higher 
resolution  will  unquestionably  afford  more 
and  better  information  from  investigations 
in  these  fields. 

The  10  Micron  Region 

Determination  of  Isolated  Trans 
Bonds.  In  1947  Rasmussen,  Brattain  and 
Zuceo27  showed  that  a  strong  band  at  10.3 
microns  appears  in  the  infrared  spectra  of  all 
unsaturated  compounds  which  contain  a 
trans  C=C  group.  This  band  was  subse- 
quently shown  to  arise  from  a  C — H  defor- 
mation about  a  trans  C=C  in  the  internally 
unsaturated  group  RHC=CHR.28  The  band 
is  illustrated  in  Figure  2.  This  is  the  type 
of  unsaturation  most  frequently  encountered 
in  fatty  acid  chemistry,  and  this  band  has 
been  used  to  develop  quantitative  methods 
for  the  determination  of  isolated  trans  isomer 
unsaturation.  Shreve  and  co-workers29  de- 
scribe a  specific  procedure  using  this  band 
for  the  quantitative  determination  of  in- 
ternal, isolated  tows-bond  concentration  in 
mixtures  of  saturated  and  monounsaturated 
octadecenoic  acids  and  related  compounds. 
For  the  isolated  trans  bond  they  reported  an 
absorptivity  in  CS2  solution  of  0.4.  Paschke, 
Jackson  and  Wheeler80  showed  that  this  ab- 
sorptivity is  about  the  same  in  the  absorp- 
tion spectra  of  pure  methyl  cis-9,  trans-12- 
linoleate  and  that  the  absorptivity  of  the 
band  in  the  spectra  of  pure  methyl  linelaidate 
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(trans-Q,  trans-12)  was  very  nearly  twice  this 
value.  Bickford  and  his  co-workers81  found 
that  the  absorptivity  at  10.1  microns  in  the 
spectra  of  oZpAa-eleostearic  acid  (cis-9,  trans- 
11,  Jrans-13-octadecatrienoic)  is  exactly 
twice  that  reported  for  elaidic  acid  and  that 
in  the  spectra  of  freta-eleostearic  acid  (trans- 
9,  trans-11,  Jra7is-13-octadecatrienoic)  it  is 
three  times  that  of  elaidic  acid.  These  data 
are  interpreted  to  indicate  that  intensities  of 
the  C — H  deformation  about  the  C=C 
group  are  additive  in  both  non-conjugated 
and  conjugated  compounds.  The  position  of 
absorption  is  identical  for  all  isolated  (i.e., 
non-conjugated)  Jrcms-octadecenoic  acids, 
esters  and  their  glycerides.  The  procedure 
can  be  used  for  the  determination  of  isolated 
trans  isomer  content  in  nonconjugated  poly- 
unsaturated  as  well  as  in  monounsaturated 
compounds.  The  method  has  been  compared 
with  the  lead  salt-alcohol  method  for  de- 
termining frans-octadecenoic  acid  by  Swern, 
Knight,  ShreveandHeether82  and  by  Jackson 
and  Callen.88  Both  groups  reported  that  the 
infrared  method  was  more  rapid,  more  spe- 
cific, and  more  accurate.  The  Spectroscopy 
Committee  of  the  American  Oil  Chemists' 
Society  has,  after  a  long  collaborative  study, 
recently  recommended  a  procedure  for  adop- 
tion as  an  official  method  of  the  Society.84 

Trans  Bonds  in  Conjugated  Systems. 
C — H  bending  about  the  double  bond  in  con- 
jugated compounds  has  been  investigated  by 
Jackson  et  oZ.85  and  by  Ahlers  and  co-work- 
ers.86 Jackson  et  oZ.  were  the  first  to  show 
that  a  single  very  strong  band  is  exhibited 
at  10.12  microns  in  trans,  foms-linoleate. 
This  assignment  confirmed  a  very  much  ear- 
lier suggestion  of  Gamble  and  Barnett.87 
Conjugated  cis,  frtms-linoleate  was  shown  to 
exhibit  two  maxima,  a  strong  band  at  10.18 
microns  and  a  somewhat  weaker  band  at 
10.52  microns.  Only  a  very  weak  band  with 
TnariTmnn  at  10.95  microns  was  found  in  the 
spectra  of  conjugated  cis,  cis-linoleate.  Ahlers 
et  oZ.  published  results  of  a  detailed  quantita- 
tive study  of  some  19  fatty  acids,  including 


monounsaturated  and  conjugated  and  non- 
conjugated  polyunsaturated  compounds. 
They  confirmed  earlier  published  results  for 
wavelength  positions  of  the  bands  and  re- 
ported reasonably  good  agreement  with 
previously  reported  absorptivities  for  the 
few  cases  where  these  values  had  been  meas- 
ured earlier.  These  workers  account  for  the 
position  of  maxima  in  the  spectra  of  con- 
jugated acids  containing  trans  bonds  as  a 
hypsochromic  shift  from  the  position  of  the 
isolated  trans  band,  small  but  significant  and 
consistent  with  the  effect  of  conjugation  on 
the  C — H  deformation  frequency  of  the  sys- 
tem. The  exact  positions  of  maxima  absorp- 
tion are  given  in  Table  2.  O'Connor,88  in  a 
paper  presented  before  the  American  Oil 
Chemists'  Short  Course  in  1958,  extended 
this  postulation  to  the  isolated  cis  system 
(Table  2).  This  addition  accounts  for  the  ap- 
pearance of  two  bands  in  the  spectra  of  cis- 
trans  conjugated  acids.  However,  the  cis 
bands  in  this  region  have  been  shown  to  be 
very  weak  and  quite  variable  in  position 
with  changes  in  molecular  environment. 
They  are  not  satisfactory  for  diagnostic  pur- 
poses. Determination  of  cis  unsatura.tion  by 
means  of  infrared  spectra  appears  to  be 
limited  to  measurements  in  the  near-infrared 
region  where  satisfactory  results  are  being 
reported. 

Chipault  and  Hawkins89  used  the  bands 
given  in  Table  2  to  devise  a  specific  proce- 
dure for  the  determination  of  conjugated 
ds-trans  and  trans-trans  octadecadienoates. 
Cis-trans  compounds  alone  or  in  the  presence 
of  trans-trans  isomers  can  be  determined  di- 
rectly from  measurements  of  the  absorptiv- 
ity at  10.55  microns.  Trans-trans  compounds, 
in  the  absence  of  ds-trans  may  be  determined 
directly  from  the  absorptivity  at  10.11  mi- 
crons. In  the  presence  of  ds-trans  isomers, 
trans-trans  conjugation  can  be  obtained  by  a 
measurement  of  ds-trans  plus  trans-trans 
compounds,  from  absorptivities  at  10.11 
microns,  and  subsequent  correction  of  fofe 
measurement  for  ds-trans  content  obtained 
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TABLE  2.  C— H  DEFOLIATIONS  ABOUT  THE  C=C, 
ETHYLEXIC,  GROUP  IN*  THE  10-15  \t  REGION 


.    Wavelength 
position  of 
No.  J      observed 
absorption 
band 


Vibrating  group  giving  rise  to 


!        microns 

!  X 

i  \ 

1.       10.05-10.15         C=C 


!  X  H 

2.       10.20-10.36J        ,C— C       ,  (trans) 


2a. 
2b. 
2c. 
2d. 
2e. 
2f. 

10.34 
10.17 
10.12 
10.11 
10.09 
10.06 

Isolated  trans 
Cis,  iran*  -conjugated 
Trans,  frawa  -conjugated 
Cis,  cis,  fran«  -conjugated 
Cis,  trans  y  frans  -conjugated 
Trans,  trans,  ^rans-conjugated 

H                H 

3. 

10.90-11.05 

x^°~C\ 

X                H 

4. 

11.17-11.30 

y)°-C(H 

X               H 

5. 

11.90-12.50 

Y/°~C\ 

6. 

13.0  >  15.0 

x           y 
\«  ~/ 

C=-C       ,  (cis) 
H/         \ 

JDL                       JtL 

6a. 
6b. 

6c. 

10.95 
10.53 

Isolated  cw 
Cis,  cig-conjugated 
C«,  <ran»-conjugated 

from  measurement  at  10.55  microns.  The 
method  has  been  used  to  follow  conjugated 
ds-trans  and  trans-trans  isomerizations  ac- 
companying alkali  isomerization  of  linoleic 
acid  under  the  influence  of  several  catalysts 
aad  under  different  conditions, 
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Determination  of  Terminal  Double 
Bonds.  Measurements  of  infrared  absorp- 
tion bands  in  the  10  micron  region  have  not 
been  limited  to  identification  and  determina- 
tion of  internal  double  bonds.  An  early  use 
of  infrared  spectroscopy  in  this  region  was  to 
determine  whether  the  C=C  group  was  in- 
ternal or  a  terminal  group,  and  if  terminal 
whether  an  isopropenyl,  isopropylidene,  etc. 
Bands  which  are  used  for  these  purposes  are 
included  in  Table  2. 

Trans  Isomer  Measurements  and  the 
Structure  of  Constituents  in  Natural 
Commodities.  Applications  of  the  infrared 
absorption  methods  to  identify  and  deter- 
mine isolated  trans  isomers  have  been  in- 
creasing continually  and  now  scores  of  ex- 
amples of  the  use  of  this  technique  have  been 
reported  in  the  technical  literature.1'  2» 40 

The  method  for  the  determination  of  iso- 
lated trans  isomers  by  means  of  infrared 
spectroscopy  has  been  applied  by  several 
workers  either  for  the  elucidation  of  struc- 
ture or  to  ascertain  the  presence  (or  absence) 
of  specific  constituents  in  natural  commodi- 
ties. Thus,  Swern,  Knight  and  Eddy  found 
that  a  sample  of  freshly  rendered  edible  beef 
fat,  and  of  edible  oleo  oil  and  oleo  stearin  ob- 
tained from  it,  contained  substantial  quanti- 
ties (5  to  10%)  of  trans  material  believed  to 
be  mainly,  if  not  exclusively,  monounsatur- 
ated.  Trans-6-octadecenoic  (elaidic)  and 
Jrans-ll-oetadecenoic  (vaccenic)  acids  were 
isolated  from  oleo  oil,  the  former  apparently 
for  the  first  time.  Vaccenic  acid  was  also 
prepared  from  beef  tallow  by  Rao  and  Dau- 
bert.  By  comparing  its  infrared  spectra  with 
that  of  oleic  and  elaidic  acids  they  showed 
that  vaccenic  acid  is  the  Jrans-11-octa- 
decenoic  acid.  Ahmed,  Bumpus  and  Strong 
synthesized  tis-11  and  trans-11  octadecenoic 
acids  and  showed,  by  infrared  curves,  that 
the  trans  acid  was  trans  and  identical  with 
Rao  and  Daubert's  vaccenic  acid  from  beef 
tallow.  Khan,  Deatherage  and  Brown,  and 
Max  and  Deatherage  demonstrated  by 
means  of  infrared  spectra  the  complete  ab- 
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sence  of  trans  bonds  in  synthetic  methyl 
9 , 10-dideuterooleate  and  8,8,11,11-tetra- 
deutero  ,cis-9-octadecene,  respectively. 

Paschke,  Tolberg  and  Wheeler  used  the 
infrared  method  in  a  study  of  the  cis-trans 
configuration  of  alpha  and  beta  eleostearic 
acids.  Both  isomers  reveal  a  strong  band  at 
about  10.1  microns,  indicating  a  trans,  trans- 
conjugated  configuration,  in  agreement  with 
the  fact  that  they  both  form  maleic  anhy- 
dride adducts  readily  below  100°C.  The 
spectra  of  the  oZpAa-eleostearic  acid  adduct 
exhibited  no  band  at  10.3  microns,  indicat- 
ing that  the  third  unsaturated  C=C,  not  af- 
fected by  the  maleic  anhydride  addition,  is  a 
ds  bond.  The  spectra  of  the  maleic  anhydride 
adduct  of  fceta-eleostearic  acid,  however,  did 
exhibit  a  band  at  10.36  microns,  indicating 
that  the  third  unsaturated  bond  in  this 
molecule  is  trans.  Thus  oZpAo-eleostearic  acid 
has  two  trans  and  one  ds  bond  and  beta- 
eleostearic  acid  is  the  trans, trans, trans  iso- 
mer. 

Pseudo-eleostearic  acid  was  shown  to  have 
the  same  structure  as  fceta-eleostearic  acid 
and  alpha-  and  fceto-licanic  acids  (4-keto- 
9,11,13-octadecatrienoic  acids)  the  same 
cis-trans  configuration  as  alpha-  and  beta- 
eleostearic  acids.  Punicic  acid  is  a  ds,  trans- 
isomer  of  alpha-  and  fcto-eleostearic  acid,  not 
identical  with  either.  Ahlers  et  al.  subse- 
quently showed,  also  by  infrared  spectra, 
that  it  has  a  ds,  ds,  <ra?is-configuration. 
Bickford,  DuPre',  Mack  and  O'Connor  con- 
firmed the  results  of  Paschke  et  al.  on  the 
structure  of  the  eleostearic  acids.  A  band  in 
the  spectra  of  the  maleic  anhydride  addition 
product  with  butadiene  at  10.40  microns  was 
assigned  as  one  of  the  symmetrical  "breath- 
ing" vibrations  of  a  substituted  maleic 
anhydride  ring.  As  a  pimilaT  band  might  in- 
terfere with  the  10.36  micron  band,  to  be 
used  as  evidence  for  the  presence  or  absence 
of  an  isolated  trans  bond  in  the  spectra  of  the 
<rfpfca-and  fceta-eleostearic  acid  maleic  anhy- 
dride addition  products,  the  adducts  were 
converted  to  the  corresponding  tri-n-butyl 


esters.  The  spectra  of  these  esters,  which  do 
not  have  maleic  anhydride  rings,  would  not 
be  expected  to  exhibit  the  band  at  10.40 
microns.  The  infrared  spectra  of  the  tri-n- 
butyl  ester  of  the  fota-eleostearic  acid  ex- 
hibited a  pronounced  band  at  10.36  microns, 
while  no  trace  of  a  corresponding  band  was 
found  in  the  spectra  of  the  ester  of  the  alpha- 
eleostearic  acid  adduct.  Thus  additional  evi- 
dence was  obtained  to  establish  the  fact  that 
oZpAa-eleostearic  acid  has  one  ds  and  two 
trans  bonds  and  that  there  are  three  trans 
bonds  in  beta-eleostearic  acid. 

Trans  Bonds  and  Hydrogenation.  The 
infrared  method  for  isolated  trans  isomers 
has  been  found  useful  in  investigations  of  the 
hydrogenation  of  vegetable  oils  and  animal 
fats.  Jackson  and  Callen88  showed  that  hy- 
drogenated  oils  contain  trans  or  "iso"oleic 
acid.  Lemon  and  Cross  showed  that  hydro- 
genation is  accompanied  by  a  ds  to  trans 
change  in  some  of  the  double  bonds  of  the 
unsaturated  fatty  acid  by  the  appearance  of 
the  10.3  micron  band  in  the  spectra  of  the 
hydrogenated  products.  Workers  in  Dau- 
bert's  Laboratory41  followed  the  hydrogena- 
tion of  methyl  beta-eleostearate.  The  princi- 
pal changes  were  the  disappearance  of  the 
band  at  10  microns  (trans,  <r<ms-conjugation) 
and  the  appearance  of  a  band  at  10.3  mi- 
crons (isolated  trans).  A  partial  hydrogena- 
tion of  methyl  linolenate  yields  a  mixture  of 
at  least  three  isomers,  the  8,14-  9,15-  and 
10 , 14-isolinoleic  acids.  Infrared  spectra  were 
used  also  to  show  that  the  8-  and  9-octa- 
decenoic  acids  produced  during  hydrogena- 
tion of  triolein  are  the  Jrans-isomers. 

Lemon  showed  graphically  the  formation 
and  disappearance  of  trans  double  bonds 
during  the  hydrogenation  of  vegetable  oils. 
Sims  and  Hilfman  repeated  some  of  this 
work  and  extended  it  to  animal  fats.  They 
found  that  conditions  which  favor  the  de- 
velopment of  Jrans-isomers  also  favor  se- 
lective hydrogenation  of  the  glyceride  oils 
and  that  unusually  high,  percentages  of 
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irans-isomers  develop  during  hydrogenation 
of  tallow. 

Feuge  and  co-workers42  have  reported  on 
the  quantitative  investigation  of  the  hydro- 
genation of  methyl  oleate  and  triolein  and 
the  hydrogenation  of  methyl  linoleate  and 
cottonseed  oil.  In  connection  with  their  in- 
vestigations of  the  positional  isomers  formed, 
workers  in  this  laboratory  have  used  the  in- 
frared method  to  detect  and  determine  trans 
bonds  formed  during  the  hydrogenation  of 
cottonseed  oil  and  methyl  linoleate,  re- 
spectively. 

In  their  analysis  of  the  monoethenoic  fatty 
acids  of  butterfat,  Backderf  and  Brown48 
used  the  infrared  absorption  method  for  the 
determination  of  frans-isomers.  By  this 
means  they  established:  (a)  the  presence  of 
a  previously  unreported  acid,  Jrans-10-octa- 
decenoic,  present  to  the  extent  of  1-2%  of 
the  total  butterfat  fatty  acids;  (b)  that  over 
20%  of  the  hexadecenoic  acids  of  butterfat 
had  the  trans  configuration,  accounting  for 
about  0.4%  trans  acids  of  the  total  butterfat 
fatty  acids,  previously  unreported;  and  (c) 
that  11-octadecenoic  acids,  found  to  be  pres- 
ent to  the  extent  of  3-4  %  of  the  total  butter- 
fat  fatty  acids,  were  mostly  trans,  with 
inconclusive  evidence  of  the  presence  of  the 
cis  isomer.  Scott,  and  co-workers44  have  also 
investigated  the  fatty  acid  composition  of 
butterfat,  and  confirm  the  presence  of  Cio 
to  Cis  monoethenoic  acids.  The  cis  form  was 
predominate  in  the  Cw  and  CM  acids,  while 
the  Cie  and  Cis  compounds  occur  as  both 
cis  and  trans  isomers.  Nonconjugated  dienoic 
acids  consisted  of  mixtures  of  either  cis-tis 
and  cis-trans  or  cis-cis  and  trans-trans  and 
conjugated  dienoic  acids  were  either  cis-trans 
or  trans-trans.  Trienoic,  tetraenoic  and 
pentaenoic  acids  all  occur  only  in  the  eta  con- 
figuration. 

Trans-Isomers  and  Autooxidation.  A 
third  major  application  of  the  infrared  ab- 
sorption of  the  trans  bond  in  the  10  micron 
region  has  been  in  investigations  of  autooxi- 
dation.1  These  infrared  absorption  studies 
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have  definitely  established  that  the  initial 
product  of  the  autooxidation  of  monoun- 
saturated  as-compounds  is  the  isomeric 
Jrans-hydroperoxide,  and  that  diunsaturated 
m-compounds  result  in  the  formation  of  con- 
jugated cis,  Jrans-hydroperoxides  at  0°C  and 
conjugated  trans,  trans  -  hydroperoxides 
above  room  temperature. 

The  formation  of  trans  double  bonds  dur- 
ing the  autooxidation  of  monounsaturated 
methyl  oleate  by  ultraviolet  radiation  was 
demonstrated  by  Knight,  Eddy  and  Swern. 
Increase  in  the  absorption  at  10.3  microns 
relative  to  the  peroxide  value  was  inter- 
preted as  indicating  that  most  of  the  perox- 
ides formed  are  toms-peroxides.  Swern  et  al. 
extended  these  investigations  showing,  by 
means  of  infrared  absorption  measurements, 
that  in  the  autooxidation  of  methyl  oleate 
between  35  and  120°C  most,  if  not  all,  of 
the  hydroperoxide  formed  has  the  Jrans-con- 
figuration,  regardless  of  whether  the  auto- 
oxidation is  conducted  in  the  dark  or  in  the 
presence  of  ultraviolet  radiation.  The  auto- 
oxidation of  methyl  linoleate  was  investi- 
gated by  means  of  infrared  absorption  by 
Khan  and  Privett  and  by  Cannon  et  al. 
These  investigations  showed  that  on  auto- 
oxidation of  methyllinoleate  at  0°C  at  least 
90%  of  the  initially  formed  hydroperoxide 
has  a  cis,  frans-conjugated  arrangement  of 
double  bonds.  At  room  temperature  less  cis, 
irans-and  some  trans,  Jrans-conjugation  was 
found,  indicating  to  Khan  and  Privett  that 
at  higher  temperatures  a  further  isomeriza- 
tionto  trans,  trans-  form  occurs.  Cannon  e$  al. 
confirmed  these  conclusions  showing  that 
autooxidation  of  methyl  linoleate  at  0°C 
leads  to  the  formation  of  about  90%  cis, 
Jrans-hydroperoxide,  while  at  room  tempera- 
ture  the   trans,   Jraws-hydroperoxide   pre- 
dominates. Privett  and  co-workers  showed 
that   both   methyl  linoleate   and   methyl 
linolenate  formed  a  cis,  Jrans-conjugated 
monomeric  monohydroperoxide  as  the  major 
initial  product  of  autooxidation  at  0°C.  Us- 
ing ultraviolet  absorption  along  with  infra- 
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red,  they  concluded  that  at  least  90%  of  the 
conjugated  hydroperoxides  formed  from  nor- 
mal methyl  linoleate  at  0°C  were  cis,  trans- 
conjugated  and  that  at  higher  temperatures 
a  considerable  amount  goes  to  the  trans-form 
exclusively. 

Harrison  and  Wheeler,  again  by  means  of 
infrared  absorption,  found  that  the  products 
obtained  in  the  autooxidation  of  methyl 
linoleate  and  methyl  linelaidate  with  di-J- 
butyl  peroxide  were  mixtures  of  isomers. 
Selected  fractions  from  distillation  all  showed 
about  90  %  of  the  theoretical  value  for  two 
double  bonds  per  linoleate  unit  or  four  per 
dimer,  but  some  fractions  were  rich  in  cis, 
Jrans-conjugated  configuration,  others  were 
mostly  trans,  iraws-conjugated,  while  still 
others  had  relatively  large  amounts  of  iso- 
lated trans  double  bonds. 

The  trans  fatty  acid  content  of  several 
?.Tn™fl1  and  vegetable  fats  was  investigated 
by  Kuhn  and  Luck.45  They  questioned  the 
hypothesis  that  only  ruminant  animals  de- 
posited fat  containing  trans  fatty  acids  as 
3.5%  was  found  in  human  fat  and  4.0  to 
6.3  %  in  the  fat  of  the  domestic  cat.  Irradi- 
ation of  lard  and  olive  oil  in  air  increased 
the  intensity  of  the  infrared  trans  band  until 
a  limiting  value  of  about  6-8  %  was  reached. 
Ultraviolet  irradiation  of  beef  fat  caused  an 
increase  (from  5  to  8%)  of  trans-f&tty  acids, 
but  irradiation  of  hydrogenated  peanut  oil 
containing  about  30%  tows-olefins  caused  a 
slow  decrease  in  toms-isomer  content. 

McCutchon  and  co-workers48  showed  that 
both  the  wavelength  position  and  the  in- 
tensity of  the  C — H  deformation  about  the 
C=C  were  effected,  presumably  by  some 
influence  of  the  0 — H  group,  in  the  spectra 
of  ricinelaidic  acid  (frans-12-hydroxy-9-octa- 
decenoic  acid)  and  its  methyl  ester.  The 
characteristic  band  in  the  10  micron  region 
exhibits  a  hypsochromic  shift,  from  10.33 
microns  in  082  solution,  for  methyl  elaidate, 
to  10.27  microns  for  the  methyl  ricinelaidate. 
The  absorptivity  is  also  somewhat  less  for 
the  ricinelaidate.  They  proposed  equations 


for  the  determination  of  both  the  acid  and 
its  methyl  ester.  These  same  workers  studied 
the  absorptivities  and  the  positions  of  max- 
ima in  the  10.3  micron  region  of  the  infrared 
spectra  of  several  derivatives  of  ricinelaidic 
acid.  Observed  decreases  in  molecular  ab- 
sorptivities and  shifts  in  position  of  maxi- 
mum absorption  as  the  functional  groups  of 
ricinelaidic  acid  when  varied  systematically 
were  related  to  the  electron-withdrawing 
character  of  the  relevant  substituent  and  to 
the  hydrogen  bonding  in  the  6eta-hydroxy- 
ene  system. 

Oxidation  of  methyl  ricinoleate  with  tert- 
butyl  chromate  was  shown  to  result  in  a 
partial  isomerization  of  the  cis-methyl  ricin- 
oleate to  trans-methyl  ricinoleate  (methyl 
ricinelaidate)  by  Maruta  and  Suzuki.47  Cis-  to 
fraras-interconversions  of  methyl  oleate, 
linoleate  and  linolenate  when  treated  with 
oxides  of  nitrogen  were  investigated  by 
Khan48  by  means  of  infrared  determinations. 
Trans-isomers  from  methyl  linoleate  and  lin- 
olenate were  less  than  5%,  from  methyl 
oleate,  35%. 

Absorption    in    other  Regions   of  the 
Infrared  Spectrum 

Measurements  in  the  near-infrared  region 
(from  0.8  to  2.5  microns),  in  the  region 
of  fundamental  0— H  stretching  vibrations 
(about  3.0  microns),  in  the  region  of  double 
bond  stretching  vibrations  (from  5  to  6  mi- 
crons), and  in  the  region  of  C — H  deforma- 
tions about  double  bonds  (near  10  microns) 
have  been  of  greatest  value  to  the  lipide 
chemist.  Absorption  in  almost  every  other  re- 
gion of  the  spectrum  has  found  special  uses. 
In  studies  of  molecular  structure  and  of  the 
identification  of  individual  components, 
bands  in  the  triple  bond  region,  about  4  mi- 
crons, in  the  region  of  single  bonded  C — O 
stretching,  8  to  10  microns,  and  in  the  region 
of  deformation  about  ring  structures,  above 
11  microns,  have  proved  to  be  of  interest  in 
specific  applications. 

Applications  to  Tissue  Lipides,  Serum 
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Lipides,  Upoproteins  and  Phospho- 
lipides. The  infrared  spectra  of  synthetic 
<rfpAa-cephalins  of  the  L-series,  which  con- 
stitute a  homologous  series  of  pure  phos- 
pholipides,  were  investigated  by  Baer  and 
co-workers.4*  The  spectra  of  distearoyl-  di- 

TABLE  3.  INFRARED  BANDS  USED  IN  ANALYSES 
OF  PHOSPHOLIPIJ&ES 


Wave- 
length 
(mi- 
crons) 

i 
Constituent                       Vibrational  Group 

; 

2.8 

Protein,  Phospho-  i  N—  H,  O—  H  stretch- 

-3.0 

lipide 

ing 

4.6 

Ethanolamine 

Unaasigned 

-4.7 

Containing 

Phospholipides 

5.75 

Glyeerides 

C=O  ester  stretching 

5.85 

Free  Fatty  Acids 

O*O  acid  stretching 

6.0 

Cholesterol 

C=C  stretching 

6.1 

Protein    (sphingo- 

O=O  amide  stretch- 

myelin) 

ing 

6.5 

Protein    (sphingo- 

O=O  stretching  and 

myelin) 

N—  H  bending 

6.7 

Phospholipides 

CH*  ,  CHi  bending 

7.5 

Phospholipides 

CHs  ,  CHj  bending 

7.8 

Free  Fatty  Acids 

COOE 

8.1 

Phospholipides 

P^=O  stretching 

8.2 

Phospholipides 

C—  O—  C  stretching 

8.55 

Cholesteryl  Esters 

C—  0  stretching 

8.65 

Fats  (Lecithin) 

C  —  O  stretching 

9.2 

Phospholipides 

P—  O—  C  stretching 

9.9 

Ethanolamine 

C-O-C         ? 

Containing 

Phospholipides 

10.3 

Phospholipides 

P—  O—  C  stretching 

H 

10.3 

Lipides 

Trans  C—  C 

H 

10.65 

Free  Fatty  Acids 

O—  H  of  COOH 

11.9 

Cholesteryl  Esters 

C  —  H  bending  adja- 

cent to  O=-C 

12.1 

Cholesteryl  Esters 

C—  H  bending  adja- 

cent to  O=C 

—  H—  H 

14.3 

Free  Fatty  Acids 

Ct«0»C 

14.4 

Phospholipides 

Unassigned 

H  H 

14.7 

Lecithin 

Ct*O«C 

pahnitoyl-  and  dimyristoylcephalin  were 
measured  and  several  band  correlations  re- 
ported. The  spectra  are  not  identical,  as  in 
the  case  of  the  corresponding  straight  chain 
fatty  acids,  but  several  rather  large  and  un- 
explained differences  were  found  in  the  re- 
gion above  11.0  microns. 

Freeman  and  co-workers  at  the  Donner 
Laboratory  of  Biophysics  and  Medical 
Physics,  University  of  California,60  and 
Schwarz  at  the  Biochemistry  Department  of 
the  Philadelphia  General  Hospital61  have  re- 
ported several  investigations  of  the  infrared 
spectra  of  serum  lipides  and  of  tissue  lipides, 
respectively. 

Freeman  and  co-workers  have  studied  in- 
frared spectra  of  solutions  of  serum  lipides, 
lipoproteins  and  related  lipides  in  thin  cells. 
They  have  compared  the  spectra  of  lipopro- 
teins isolated  from  human  blood  serum  with 
the  spectra  of  reference  compounds.  Making 
several  correlations  by  direct  comparisons, 
they  have  suggested  that  infrared  bands  can 
be  used  to  identify  components  and  to  deter- 
mine them  quantitatively  by  means  of  mul- 
ticomponent  analyses.  The  spectra  of  serums 
are  weak,  however,  with  respect  to  indi- 
vidual components,  and  a  more  satisfactory 
technique  was  found  to  be  a  column  chro- 
matographic  separation  into  specific  fractions 
each  of  which  was  then  analyzed  in  turn  by 
means  of  infrared  absorption  spectra.  Using 
this  combination  of  chromatography  on  ac- 
tivated silicic  acid-Celite  (2:1)  and  infrared 
spectrophotometry  in  carbon  disulfide  and 
chloroform  solutions,  these  workers  have  de- 
scribed multicomponent  methods  of  analysis 
for  cholesteryl  esters,  glycerides,  unesterified 
cholesterol,  unesterified  fatty  acids,  phos- 
phatides,  protein,  lecithin,  etc.,  using  the 
bands  tabulated  in  Table  3. 

Schwarz  and  co-workers  have  similarly  re- 
sorted to  a  combination  of  column  chroma- 
tography and  infrared  absorption  spectros- 
copy  to  determine  components  in  tissue 
lipides.  This  group  has  adopted  the  KBr 
disc  technique  for  the  measurement  of  frac- 
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tions  from  silicic  acid  powder  columns,  and 
described  these  techniques  for  the  determina- 
tion of  sphingomyelin,  cephalins,  lecithins, 
free  cholesterol,  etc.,  by  means  of  the  band 
correlations  given  in  Table  3. 

Marinetti  and  Stotz,52  studying  the  infra- 
red spectra  of  phospholipides,  sphingomyelin 
and  related  lipides  in  connection  with  invest- 
igations of  structural  configuration,  showed 
that  the  P — 0 — C  linkage  gives  rise  to  a 
band  at  10.3  microns,  but  that  this  band  can 
be  differentiated  from  that  arising  from 
C — H  deformation  about  the  trans  C=C  as 
the  latter  completely  disappears  on  hydro- 
genation  while  the  P — 0 — C  linkage  is  un- 
changed. These  workers  also  presented  the 
spectra  of  several  lipides  and  a  complete 
analysis  of  the  bands  and  groups  giving  rise 
to  them. 

In  other  investigations  of  lipide  chemistry, 
Renkonen  and  Koulumies58  compared  the 
spectra  of  serum  lipides  from  normal  indi- 
viduals and  from  young  and  old  diabetics 
with  the  spectra  of  pure  lipides.  Hanahan 
and  Jayko64  compared  the  spectra  of  di- 
palmitoleyl-L-oZpAa-glycerylphosphorylcho- 
line  with  its  hydrogenation  product  dipal- 
mitoyl-L-oZpAa-lecithin  and  with  that  of 
palmitoleic  acid. 

A  combination  of  paper  chromatography 
and  infrared  spectrophotometry  was  used 
by  Labarrere  and  co-workers55  to  establish  an 
analytical  procedure  for  separation  and  iden- 
tification of  cholesteryl  esters.  The  method 
was  tested  by  the  paper  chromatographic 
separation  and  infrared  identification  of  syn- 
thetic mixtures  of  cholesteryl  laurate,  myr- 
istate,  palmitate,  stearate,  oleate,  linoleate 
and  linolenate.  Separations  were  made  by 
ascending  reversed-phase  paper  chroma- 
tography using  two  solvent  systems,  acetone- 
ethanol-formic  acid-water  and  chloroform- 
methanol-formic  acid-water,  consecutively 
on  the  same  paper  strip.  Identifications  of 
the  fractions  were  made  by  means  of  infrared 
absorption  spectra.  The  entire  procedure  re- 
quires only  a  few  milligrams  of  pure  sample. 


The  infrared  bands  used  for  the  identifica- 
tions included  in  Table  3  are  discussed  in 
detail. 

Elucidation  of  Molecular  Structure  of 
Fatty  Acid  Materials.  In  a  series  of  four 
papers,  Celmer  and  Solomon  described  the 
proof  of  the  structure  of  mycomycin  and  iso- 
mycomycin  mainly  through  the  use  of  infra- 
red absorption  spectra.  The  essential  steps  in 
their  proof  have  been  outlined  by  Wheeler.40 
The  presence  of  a  cyclopropane  ring  in  lac- 
tobacillic  acid,  as  demonstrated  by  means  of 
infrared  absorption  spectroscopy  by  Hof- 
mann,  Lucas  and  Sax  and  in  sterculic  acid 
by  Nunn,  are  also  reviewed  by  Wheeler. 

Freeman  and  uo-workers  resorted  to  infra- 
red spectra  to  prove  the  structure  of  the  €27 
phthenoic  acids  isolated  from  crude  methyl 
phthenoate.  A  summary  of  this  work  and  ref- 
erences to  the  original  papers  will  be  found 
in  the  review  by  O'Connor.1  The  work  of 
Davis  and  co-workers  in  the  identification  of 
the  hypotensive  principle  of  tung  oil  as  9 , 14- 
dihydroxy  10 , 12-octadecadienoic  acid,  and 
of  Walborsky  et  oZ.  of  the  use  of  infrared  spec- 
tra to  confirm  the  absence  of  allene  structure 
conjugated  with  an  acetylenic  group  and  the 
absence  of  Jrans-isomers  in  the  total  synthe- 
sis of  linoleic  acid,  are  cited  as  further  exam- 
ples of  the  use  of  infrared  absorption  spectra 
for  purposes  of  identification  of  molecular 
structures. 

Miscellaneous  Applications  in  Diverse 
Regions  of  the  Infrared  Spectrum.  Dur- 
ing the  past  few  years  not  only  have  the 
number  of  applications  of  infrared  spectros- 
copy to  problems  of  the  fatty  acid  chemist 
increased  but  the  diversity  of  types  of  ap- 
plications has  been  spreading,  as  evidenced 
by  the  review  of  the  literature  by  Kaufmann.* 
Lecomte56  has  reviewed  applications  of  in- 
frared spectroscopy  to  fats;  Favier67  Hires 
and  Balog58  and  Minutilli59  to  vegetable  oils; 
and  D'Arrigo80  to  fish  oils.  The  important 
problems  of  the  detection  of  adulteration  of 
olive  oil  has  been  attacked  by  infrared  spec- 
troscopy by  Minutilli61  and  by  Bottini  and 
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SapettL*2  Bartlet  and  Mahon63  have  pub- 
lished a  method  for  the  identification  of  oils 
and  of  oil  adulteration  by  differential  infra- 
red spectroscopy. 

Infrared  spectra  have  been  applied  to  a 
survey  of  rare  plants  in  a  search  for  new  in- 
dustrial oils  by  Earle  and  co-workers64  and 
was  used  by  Glass  and  Melvin'5  in  the  de- 
termination of  the  composition  of  vinyl 
copolymers. 

Dupuy  and  co-workers66  showed  that  the 
intensity  of  the  characteristic  nitrile  group 
at  4.44  microns  in  the  spectra  of  five  ricino- 
leic  acid  derivatives  cyanoethylated  with 
acrylonitrile  is  about  67%  greater  in  chloro- 
form than  in  carbon  tetrachloride  and  that, 
as  it  obeys  Beer's  law  over  a  wide  range  of 
concentrations,  infrared  spectra  permit  a 
convenient  analysis  for  this  type  of  com- 
pound. Fore67  et  al.  used  infrared  spectra  to 
characterize  the  reaction  products  of  mer- 
captoacetic  acid  with  methyl  linoleate  and 
linoleic  acid;  Pratt  and  Wender68  to  identify 
rutin  and  isoquercitin  in  cottonseed;  Brunn69 
in  an  investigation  of  the  structure  of  the 
newly  discovered  palustric  acid;  and  Fuchs 


and  Dieberg70  in  a  solution  of  the  montanic 
acid  problem. 

Solid  State  or  Crystalline  Spectra 

Jones,  McKay  and  Sinclair,71  in  their  sur- 
vey of  the  infrared  spectra  of  long-chain 
fatty  acids  and  related  compounds,  observed 
that  significant  differences  exist  when  the 
spectra  of  these  materials  in  solution  are 
compared  to  the  spectra  in  the  solid  state. 
The  13.9  micron  methylene  rocking  vibra- 
tion is  split  into  two  bands  in  the  solid  state 
spectra,  but  the  principal  difference  is  ob- 
served in  the  region  between  7.5  and  8.5 
microns.  In  the  spectra  of  saturated  fatty 
acids  in  solution  a  broad  intense  band  is  ob- 
served throughout  this  region.  In  the  crystal- 
line state,  this  broad  band  is  resolved  into  a 
series,  or  progression,  of  bands,  very  evenly 
spaced,  the  number  of  individual  bands  de- 
pending upon  chain  length.  The  spectra  of 
several  saturated  fatty  acids  in  this  region 
are  reproduced  in  Figure  3  to  illustrate  how 
this  region,  in  crystalline  spectra,  can  be  used 
to  determine  chain  length.  A  band  in  the 
progression  is  observed  for  each  pair  of 
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FIG.  3.  Crystalline  state  infrared  spectra  in  KBr  discs-determination  of  chain  length  in  saturated 
long-chain  fatty  acids.  Caprylic,  capric,  laurie,  myristic,  palmitic  and  stearic  acids. 

438 


FATTY  ACIDS  AND  RELATED  COMPOUNDS 


methylene  groups.  Thus  by  counting  the 
number  of  observed  bands  and  doubling  it 
and  adding  two  (one  for  the  carboxyl  group 
and  another  for  the  terminal  methyl  group) 
the  length  of  the  chain  can  be  determined. 

Meiklejohn  and  co-workers72  investigated 
the  infrared  spectra  of  a  very  large  number 
of  fatty  acids,  esters  and  related  compounds 
and  showed  that  this  progression  of  bands 
could  be  used  as  a  reliable  indication  of  chain 
length.  Susi78  later  investigated  the  solid 
state  spectra  of  unsaturated  fatty  acids  and 
showed  that  the  C=C  group  acts  as  a  ter- 
minator, the  number  of  bands  in  the  7.5  to 
8.5  micron  progression  depending  upon  the 
number  of  methylene  groups  between  the 
carboxyl  and  the  double  bond.  Thus,  in 
monounsaturated  compounds,  the  number  of 
observed  bands  is  an  indication  of  the  posi- 
tion of  the  double  bond. 

Jones  et  oZ.46  had  observed  differences  in 
the  infrared  spectra  of  various  polymorphic 
forms  of  the  fatty  acids,  differences  which 
they  believed  would  make  solid  state  spectra 
less  useful  than  solution  spectra  for  diag- 
nostic purposes.  Cornish  and  Chapman74  in- 
vestigated the  infrared  spectra  of  crystalline 
long-chain  compounds,  including  monocar- 
boxylic  acids,  and  showed  how  by  means  of 
infrared  absorption  spectra  polymorphic 
forms  could  be  differentiated.  They  were 
able  to  establish  a  correlation  between  the 
CH2  rocking  vibrations  and  the  type  of  pack- 
ing between  the  chains.  Excellent  correla- 
tion was  established  for  the  orthorombic 
and  triclinic  sub-cells  (the  two  major  types), 
and  infrared  spectra  in  the  crystalline  state. 

In  a  series  of  six  papers  Chapman75  showed 
that  the  infrared  spectra  of  glycerides  could 
be  used  to  establish  their  polymorphic  form. 
These  investigations  confirmed  the  existence 
of  the  Alpha,  Sub-Alpha,  Beta  and  Beta- 
Prime  forms  of  these  materials,  in  agreement 
with  the  views  of  Lutton,  from  x-ray  exam- 
ination and  contrary  to  the  views  of  Malkin. 
Infrared  solid  state  spectra  seem  to  have 
finally  settled  this  long  controversy  as  to  the 


interpretation  of  x-ray  diffraction  data. 
Chapman  and  co-workers  published  an  ap- 
plication for  this  type  of  data76  showing, 
from  solid  state  infrared  absorption  data, 
that  the  major  disaturated  glyceride  of  cocoa 
butter  is  2-oleopalmitostearin  and  not  2- 
palmitooleostearin  as  commonly  believed, 
but  that  this  latter  compound,  2-palmito- 
oleostearin,  is  the  major  disaturated  glycer- 
ide of  lard.  Thus  it  appears  that  solid  state 
infrared  absorption  spectra  may:  (a)  provide 
a  measure  of  chain  length;  (b)  afford  a  clue 
as  to  position  of  a  double  bond;  and  (c)  dif- 
ferentiate among  polymorphic  forms. 

"Fingerprint"  Identification 

All  of  the  applications  of  infrared  absorp- 
tion spectroscopy  described  in  this  article 
have  been  applications  of  the  "group  fre- 
quency" methods  of  analysis.  As  mentioned 
earlier,  the  fatty  acid  chemist  has  not  had  at 
his  disposal  a  sufficient  library  of  infrared 
absorption  spectra  of  pure  compounds  for 
use  of  the  "fingerprint"  detection  tech- 
niques, i.e.,  identification  by  direct  compari- 
son of  the  spectra  of  an  unknown  with  a 
series  of  spectra  of  known  molecules. 

Applications  of  the  "fingerprint"  tech- 
nique involve  two  paradoxical  problems.  At 
first  the  specific  laboratory  does  not  have 
sufficient  spectra  of  pure  compounds  in  which 
it  is  interested  to  permit  "fingerprint"  iden- 
tification. Hence  it  has  been  necessary  for 
each  individual  laboratory  to  prepare,  from 
suitably  pure  compounds,  spectra  for  its  own 
needs.  As  this  library  of  spectra  grows  and 
before  it  is  of  a  size  sufficient  to  permit  iden- 
tifications by  direct  fingerprint  comparisons, 
it  has  become  so  large  that  matching  in  this 
manner  has  become  a  time-consuming  prob- 
lem. 

These  two  problems  were  investigated  by 
the  American  Society  for  Testing  Materials. 
Committee  E-13  on  Absorption  Spectros- 
copy proposed  a  dual  solution.  First  it  would 
undertake  to  collect  spectral  data  from  all 
available  sources  and  make  them  available 
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to  all  infrared  absorption  laboratories,  thus 
avoiding  unnecessary  duplication  in  the 
preparation  of  libraries  of  infrared  absorp- 
tion curves.  Instead  of  distributing  large 
infrared  spectra  curves,  however,  the  data 
would  be  promulgated  as  coded  data  on 
I.B.M.  cards  and  I.B.M.  sorters  would  be 
used  to  perform  the  necessary  matching. 
This  program  has  advanced  to  the  point 
where  now  some  25,000  infrared  absorption 
curves,  coded  on  I.B.M.  cards  are  available. 
The  cards  can  be  obtained  from  ASTM  and 
once  available,  a  qualitative  identification 
may  consist  of  merely  a  series  of  sorts  on 
I.B.M.  machines.  Even  the  slowest  sorters 
will  permit  comparison  of  from  400  to  600 
per  minute. 

The  present-day  wide  spread  and  increas- 
ing use  of  infrared  absorption  data  in  the 
field  of  fatty  acid  chemistry  by  means  of 
group  frequency  techniques  may  soon  be 
augmented  by  even  greater  use  of  "finger- 
print" identifications,  and  ASTM  coded  data 
and  I.B.M.  sorters  will  be  commonplace 
equipment  in  the  laboratory  of  the  fatty 
acid  chemist. 
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ROBERT  T.  O'CONNOR 

FLUORIDATION  OF  DENTAL  BJAMEL 

Dental  enamel  is  a  complex  substance,  the 
composition  of  which  is  somewhat  variable. 
X-ray  diffraction  experiments  reveal  that  the 
structure  is  predominantly  that  of  hydroxy- 
apatite,  CaioCOHMPC^)* .  Chemical  anal- 
yses reveal  the  presence  of  other  elements, 
including  Mg,  Na,  K,  Cl,  F  and  C,  some  of 
which  may  be  in  substitutional  or  interstitial 
solid  solution  within  the  apatite  structure. 
In  addition,  organic  material  comprises  from 
2  to  4  weight  per  cent  of  dental  enamel. 

It  has  been  well  established  by  numerous 
controlled  experiments  and  observations 
that  treatment  of  teeth  with  a  fluoride  re- 
sults in  a  diminished  tendency  toward  decay. 
The  treatment  may  be  accomplished  by 
putting  a  fluoride  in  the  drinking  water,  by 
topical  application  to  the  teeth,  or  by  in- 
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corporation  of  a  fluoride  into  a  dentifrice. 
The  mechanism  whereby  the  fluoride  accom- 
plishes its  beneficial  results  has  been  the 
subject  of  considerable  research  without  yet 
being  explained  fully.  The  fluoride  ion  may 
act  as  a  poison  to  acid-forming  bacteria, 
thereby  decreasing  the  rate  of  formation  of 
acid  in  the  mouth,  or  the  fluoride  may  be 
incorporated  into  the  enamel  structure  as 
calcium  fluoride  and/or  as  fluorapatite, 
thereby  decreasing  the  acid  solubility  of  the 
enamel.  Several  experimental  approaches, 
including  chemical  analysis,  x-ray  and  elec- 
tron diffraction,  and  infrared  analysis,  have 
been  directed  toward  elucidating  the  latter 
point.  In  order  to  appreciate  what  contribu- 
tion has  been  made  by  means  of  infrared,  it 
is  necessary  to  refer  briefly  to  the  results  of 
chemical  analyses  and  diffraction  studies  as 
well. 

Chemical  analyses  have  revealed  that  flu- 
orine is  introduced  into  enamel  upon  treat- 
ment, that  the  enamel  of  teeth  in  areas  of 
relatively  high  fluoride  content  in  natural 
water  supplies  contains  more  fluorine  than 
in  areas  of  low-fluoride  water  supplies,  and 
that  caries-resistant  teeth  contain  more 
fluorine  than  do  carious  teeth.  Thus  the  re- 
sults of  chemical  analyses  are  very  valuable,1 
but  chemical  analyses  can  provide  no  direct 
information  on  the  structural  form  of 
fluoride  in  the  enamel. 

X-ray  and  electron  diffraction  techniques 
have  established  that  treatment  of  dental 
enamel  with  fluorides  does  result  in  the  for- 
mation of  calcium  fluoride.  Much  informa- 
tion has  been  obtained  on  the  transformation 
of  an  apatite  structure  to  a  calcium  fluoride 
structure,  including  the  roles  of  such  factors 
as  the  choice  of  fluoride  reagent,  its  concen- 
tration, pH  and  time  of  treatment.2  How- 
ever, diffraction  techniques  can  result  in 
little  or  no  information  on  the  possible  for- 
mation of  small  amounts  of  fluorapatite, 
because  of  the  close  crystallographic  simi- 
larity between  hydroxyapatite  and  fluorapa- 
tite and  because  the  enamel  pattern  lacks 
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sharpness  due  both  to  small  crystal  size  and 
to  solid  solution  components.  It  has  been 
shown  that  no  crystallographic  method  can 
be  expected  to  detect  less  than  17  per  cent 
fluorapatite  in  dental  enamel.8 

Infrared  analysis  has  been  applied  to  this 
general  area  of  research  in  two  distinct  ways. 

(1)  Structural  studies  have  been  made  by 
means  of  infrared  on  dental  enamel  itself, 
particularly  with  respect  to  the  form  of  car- 
bonate therein.  Even  though  enamels  typ- 
ically contain  several  per  cent  carbonate,  no 
calcium  or  magnesium  carbonates  are  re- 
vealed by  x-ray  diffraction  patterns  of  en- 
amel. Infrared  spectra,  however,  reveal  the 
existence  of  chemical  bonds  identical  to 
those  in  calcite  and  magnesite.4' 5  So  the 
enamel  contains  carbonate  rather  than  bi- 
carbonate, and  it  is  predominantly  at  least 
as  calcite  rather  than  as  a  carbonate-apatite. 
Apparently  the  calcite  crystallites  are  simply 
too  small  to  be  revealed  in  the  diffraction 
patterns. 

(2)  Infrared  methods  have  been  developed 
for  the  quantitative  analysis  of  mixtures  of 
hydroxyapatite  and  fluorapatite.8  Pressed 
disks  of  powdered  sample  mixed  with  potas- 
sium iodide  are  used,  and  the  analysis  is 
based  on  spectral  differences  in  the  16  to 
18  M  region.  A  fluorapatite  band  at  17.5  M  is 
shifted  to  17.8  /*  for  hydroxyapatite  with  an 
accompanying   difference   in    the   relative 
shapes  of  the  16.6  and  17.5-17.8  A*  bands, 
Figure  1.  The  horizontal  line  in  Figure  1  is 
drawn  tangent  to  the  intersection  of  the  two 
bands,  and  the  areas  are  measured  with  a 
planimeter.  The  ratio  of  area  B  to  area  A  is 
determined  on  known  mixtures  of  the  two 
apatites  to  prepare  an  empirical  calibration 
curve.  The  average  deviation  of  repeated 
measurements  on  the  same  disk  is  well 
under  one  per  cent  fluorapatite  in  the  sample, 
and  the  average  error  for  a  fluorapapite  de- 
termination is  slightly  over  one  per  cent  flu- 
orapatite in  the  sample.  Alternatively,  a 
base-line  technique  can  be  used  instead  of 
the  area  measurement  method,  but  the  pres- 


ence of  calcium  fluoride  results  in  a  broad 
absorption  in  the  region  which  makes  it 
difficult  to  locate  a  valid  base-line. 

Insufficient  data  have  been  obtained  to 
evaluate  fully  the  conditions  necessary  foi 
the  formation  of  fluorapatite  by  treatment 
of  dental  enamel  with  fluoride  reagents. 
However,  it  has  been  shown7  that  fluorapa- 
tite is  formed  on  treatment  with  acidic 
sodium  fluoride,  that  relatively  little  or  no 
fluorapatite  is  formed  on  treatment  with 
neutral  sodium  fluoride,  and  that  no  fluor- 
apatite is  formed  on  treatment  with  so- 
dium silicofluoride.  (The  latter  two  conclu- 
sions are  limited,  of  course,  to  the  time  and 
concentration  conditions  tested.) 

In  summary,  infrared  analysis  has  been 
useful  in  contributing  to  the  present  state 
of  knowledge  of  the  structure  of  dental  en- 
amel and  of  the  changes  wrought  therein  by 
fluoridation.  Infrared  techniques  provide 
unique  information  which  is  not  available 
via  other  experimental  methods  such  as 
chemical  analysis  and  diffraction  of  x-rays 
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FIG.  1.  Spectrum  showing  areas  for  analysis  of 
mixtures  of  J  hydroxyapatite  and  fluorapatite* 
Hydroxyapatite. Muorapatite. 
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and  electrons.  Thus  a  maximum  amount  of 
information  is  obtained  when  several  avail- 
able experimental  approaches  are  brought 
to  bear  on  the  problem. 
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GAS  CHROMATOGRAPHY  1NDBWFICATIONS 
BY  SPECTROGRAPHY.  See  GAS  CHROMA- 
TOGRAPHY  IDB4TIRCATIONS,  p.  605. 

HISTORY* 

In  1800  William  Herschd1  discovered  in- 
frared radiation  by  placing  a  thermometer 
at  successive  points  in  a  glass  prism  dis- 
persed spectrum  of  the  sun  and  observing 
the  temperature  rise.  It  is  interesting  to 
note  that  this  first  infrared  spectrometer 
had  the  same  elements  as  the  more  modern 
infrared  instrument — &  hot  source  of  con- 
tinuous radiation,  prism  dispersion,  and  a 

*  Source:  "Introduction  to  Infrared  Spectrome- 
try,"  Volume  1,  compiled  by  Perkin-Elmer  Corp., 
Norwalk,  Conn.,  1952. 
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temperature  sensitive  device  as  a  detector. 
This  new  "heat"  radiation  was  first  thought 
to  be  fundamentally  different  from  "light" 
radiation,  but  the  identity  of  the  two  was 
generally  accepted  by  1840. 

Progress  in  the  infrared  field  was  painfully 
slow  because  of  the  difficulty  of  radiation 
detection  and  characterization.  In  the  latter 
half  of  the  century  the  development  of 
bolometers,  thermopiles  and  radiometers 
combined  with  galvanometers  provided  ade- 
quate radiation  measurements.  These,  com- 
bined with  grating  or  interferometric  wave- 
length measurements  and  an  understanding 
of  black  body  emission  laws,  permitted  an 
enlightened  approach  to  experimental  in- 
frared by  1900. 

In  the  decade  1900-1910,  a  magnificent 
research  program  by  W.  W.  Coblentz2  pro- 
vided evidence  of  the  chemical  value  of  in- 
frared. Coblentz  obtained  absorption  spectra 
of  many  organic  liquids  as  well  as  absorption, 
emission,  and  reflection  spectra  of  a  large 
number  of  inorganics.  Some  empirical  cor- 
relations of  infrared  absorption  and  molecu- 
lar structure  were  noted  but  the  fundamental 
relationship  was  not  perceived  and  chemical 
possibilities  were  not  realized.  Instead,  the 
main  application  for  infrared  was  in  aca- 
demic physics  research.  With  the  observa- 
tion of  rotational  absorption  structure  in 
1913,  and  the  concept  of  the  vibrating  mole- 
cule in  1916,  the  study  of  molecular  quan- 
tum mechanics  became  of  intense  interest. 
This  type  of  work,  the  use  of  infrared  absorp- 
tion spectra  in  fundamental  calculation  of 
molecular  structure,  chemical  bonds,  and 
thermodynamic  constants  still  constitute  an 
active  field  for  physicists  and  physical  chem- 
ists. Excellent  texts  are  available  covering 
the  theoretical  aspects  of  infrared.8* 4 

In  the  thirties,  organic  chemists  began  to 
consider  infrared  as  a  possible  tool  for  mate- 
rial identification  and  functional  group  anal- 
ysis. In  1935  there  began  the  construction  of 
infrared  spectrometers  in  the  research  lab- 
oratories of  a  few  larger  chemical  companies. 
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Work  with  these  instruments  led  to  an  in- 
terest in  using  the  method  for  organic  quan- 
titative analysis. 

The  major  industrial  impetus  came  to  the 
field  early  in  the  war  when  it  was  shown 
that  infrared  offered  a  rapid,  accurate 
method6  of  analyzing  the  C4  hydrocarbon 
fraction  of  interest  in  the  production  of 
synthetic  rubber.  In  answer  to  this  interest, 
commercial  production  of  infrared  spec- 
trometers was  started  in  1943  and  1944.  The 
combination  of  instrument  availability  and 
chemical  possibilities  has  made  the  infrared 
field  an  exceptionally  active  one  since  that 
time.  Instrumentation  has  improved  so  that 
a  range  of  models  is  available  for  dependa- 
ble, convenient  operation.  The  infrared  in- 
strument has,  in  this  short  time,  attained 
such  acceptance  by  the  chemist  that  it  is 
considered  standard  laboratory  equipment 
in  the  same  sense  as  a  gravimetric  balance 
or  distillation  column. 

An  inherent  difficulty  in  such  rapid  growth 
is  the  consequent  lack  of  applied  textbooks 
describing  instrumentation  and  application. 
Background  information  can  be  obtained 
from  references  6-10. 
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IMBEDDING-WINDOW    METHOD   FOR   SAM- 
PLING 

The  imbedding-window  method  for  infra- 
red sampling  represents  one  of  the  most  useful 
techniques  introduced  to  infrared  analysis. 
The  sample  to  be  analyzed  is  finely-ground, 
and  mixed  with  a  powdered  alkali  halide 
which  does  not  exhibit  discrete  absorption 
peaks  over  the  range  of  the  infrared  spec- 
trum to  be  measured.  The  powdered  mix- 
ture is  then  pressed  into  a  pellet,  or  "win- 
dow." When  the  window  is  placed  in  the 
sample  beam  of  the  infrared  spectrophoto- 
meter,  the  absorption  peaks  that  result  are 
due  to  the  imbedded  sample  alone. 

This  method  has  many  advantages  over 
other  methods  of  sampling  solid  materials, 
including  the  use  of  a  deposited  film  on  alkali 
halide  optical  window  "blanks,"  or  the  use 
of  a  mulling  agent  such  as  Nujol  or  hexa- 
chlorobutadiene.  Another  advantage  is  that 
there  are  no  interfering  absorption  bands  in 
the  spectrum,  as  would  arise  from  a  mull- 
ing agent,  since  the  alkali  halide  matrix 
materials  used,  being  ionic,  have  no  discrete 
absorption  bands  in  the  primary  infrared 
wavelength  region.  Also,  light  transmission 
of  the  imbedding  window,  as  shown  by  its 
recorded  spectrum,  is  better  than  can  usu- 
ally be  obtained  with  a  film,  since  light 
scattering  is  reduced  by  the  use  of  the  win- 
dow, particularly  at  the  shorter  wavelengths 
less  than  5  microns.  Quantitative  analyses 
are  readily  performed  with  a  higher  precision 
than  is  obtainable  with  mulls  or  films,  since  an 
accurate  measurement  may  be  made  of  the 
weight  ratio  of  sample  to  alkali  halide  in  the 
window — indicating  the  amount  of  sample 
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that  subtends  the  sample  beam — and  useful 
absorptivity  values  for  specific  peaks  may 
thereby  be  obtained.  After  analysis,  the 
windows  containing  the  samples  may  be 
conveniently  stored  for  future  reference,  over 
periods  of  time.  Also,  samples  that  are  water- 
insoluble  may  be  readily  recovered  from  the 
window  after  the  spectra  have  been  obtained. 
Imbedding  windows  with  suitable  optical 
characteristics  may  be  readily  prepared 
through  use  of  proper  techniques.  The  mat- 
rix material  to  be  used,  besides  producing 
no  discrete  absorption  bands,  should  also 
be  perferably  non- hygroscopic,  easily  ob- 
tainable in  the  pure  state,  and  have  a  re- 
latively low  sintering  pressure  so  that  ex- 
cessive force  is  not  needed  to  press  the 
windows.  Of  the  alkali  halides,  potassium 
bromide  and  potassium  chloride  are  both 
favorable,  but  potassium  bromide  is  com- 
monly used — over  the  wavelength  region  2 
to  25  microns — as  it  does  not  absorb  in  this 
region;  for  measurements  at  wavelengths 
longer  than  25  microns,  use  may  be  made  of 
cesium  iodide  and  cesium  bromide,  both  of 
which  are  transparent  at  wavelengths  up  to 
50  microns.  To  produce  a  window  having  a 
diameter  of  one-half  inch,  one  hundred  mil- 
ligrams powdered  potassium  bromide  are 
mixed  thoroughly  with  the  finely-ground 
sample  (0.05  to  0.5  milligrams),  and  the  mix- 
ture is  placed  within  the  pressing  chamber 
of  the  pressing  mold,  and  contained  by  the 
polished  surfaces  of  the  top  and  bottom 
pressing  dies.  Windows  are  usually  pressed 
in  a  pressing  mold,  in  which  a  passageway 
has  been  drilled  from  the  outer  surface, 
through  the  barrel  of  the  mold  into  the  press- 
ing chamber  within.  This  is  done  so  that 
during  the  pressing,  provision  may  be  made 
for  removal  of  air  that  is  entrapped  in  the 
powdered  matrix;  otherwise,  when  pressure 
is  removed  from  the  die,  expansion  of  the 
entrapped  air  would  cause  clouding,  and 
even  fracture,  of  the  window.  To  remove  en- 
trapped air,  pressure  is  applied  until  the 
powder  is  barely  impacted.  Vacuum  is  then 
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applied  for  one-half  minute  by  connecting 
the  passageway  in  the  mold  to  a  source  of 
vacuum.  (A  vacuum  of  15  mm  mercury,  ob- 
tainable with  an  ordinary  water  aspirator,  is 
sufficient,  although  use  of  a  vacuum  oil  pump 
removes  the  air  more  quickly.)  The  pressing 
force  is  quickly  increased  to  a  maximum;  the 
mfr*imiiTn  force  necessary  to  produce  a 
clear  window  will  depend  on  the  size  of  the 
window,  and  can  be  determined  by  experi- 
ment— for  a  half-inch  window  containing 
one  hundred  milligrams  KBr,  a  maximum 
pressing  force  of  20,000  pounds,  a  pressure  of 
approximately  100,000  pounds  per  square 
inch,  is  usually  sufficient.  The  vacuum  and 
maximum  pressure  are  maintained  for  one 
minute.  Vacuum  is  then  released,  pressure 
removed,  and  the  window  removed  from  the 
pressing  mold. 

The  thin,  circular  KBr  window  should  be 
without  cracks,  and  should  have  optically 
smooth  faces.  A  window  "blank,"  containing 
potassium  bromide  but  no  sample,  should 
appear  virtually  transparent  to  the  eye,  the 
transparency  being  retained  with  time  ex- 
cept for  a  slight  degree  of  clouding,  and  the 
"blank"  transmitting  85  to  90  per  cent  of  the 
incident  light  beam  for  wavelengths  of  2  mi- 
crons and  longer  (addition  of  sample  to  the 
window  may  slightly  lower  this  "baseline" 
transmission).  By  standardization  of  pro- 
cedure, successive  windows  can  be  produced 
the  transmission  curves  of  which  coincide 
within  one  or  two  per  cent  transmission 
units. 

Some  plastic  flow  of  the  powder  takes 
place  during  pressing,  but  although  trans- 
parent, the  pressed  window  does  not  repre- 
sent a  case  of  a  solid  solution.  Rather,  the 
KBr  in  the  window  is  pressed  into  a  mosaic 
of  closely-packed  grains,  in  order  that  the 
smaller  particles  may  be  keyed  and  wedged 
into  spaces  between  the  larger  grains,  thus 
reducing  the  amount  of  interparticle  air- 
space within  the  window.  This  results  in  less 
light-scattering  at  the  particle  interfaces 
within  the  window  and,  therefore,  a  higher 
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transmittance.  (For  this  reason,  KBr  powder 
with  a  range  of  particle  sizes,  say,  from  80 
to  300  mesh,  has  advantages  over  powder 
composed  of  one  mesh  size  only,  such  as  250 
or  300  mesh.) 

Size  and  sample  content  of  windows  may 
be  greatly  varied,  depending  on  the  particu- 
lar application  to  specific  analyses.  Thus, 
windows  have  been  pressed  with  diameters 
as  large  as  one  inch,  and  containing  one-half 
gram  of  KBr  and  several  milligrams  of  sam- 
ple (necessitating  a  higher  pressing  force 
than  that  for  the  smaller  windows),  and  con- 
versely, for  some  micro  analyses,  windows 
have  been  prepared  containing  only  40  milli- 
grams KBr,  and  fractional  milligram  quan- 
tities of  sample.  For  such  micro-windows, 
lens  beam  condensing  units  are  conveniently 
attached  to  the  spectrophotometer  in  order 
to  concentrate  the  incident  light  beam  on  the 
small  face  of  the  window.  Efficient  measure- 
ment of  micro  samples  would  also  result  if 
the  window  were  pressed  in  a  mold  which  had 
rectangular  pressing  dies,  so  that  the  rec- 
tangular windowresulting  would  more  closely 
approximate  the  size  of  the  slit  image  of  the 
spectrophotometer. 

When  the  spectra  of  the  sample  to  be 
analyzed  has  many  sharp,  discrete  absorption 
peaks,  particular  care  must  be  taken  to  at- 
tain smaller  particle  size  and  adequate  dis- 
persion of  the  sample  in  the  window,  in  order 
to  prevent  possible  light  scattering,  and  the 
tendency  of  the  absorption  peaks  to  broaden 
and  adjacent  peaks  to  merge.  In  addition  to 
the  use  of  motor-driven  mechanical  vibra- 
tors, which  deliver  as  many  as  200  crushing 
impacts  per  second,  to  grind  and  mix  the 
sample  and  KBr  powder,  good  sample  dis- 
persion has  been  obtained  by  means  of  dis- 
solving the  sample  in  a  suitable  solvent, 
spraying  the  solution  over  the  KBr  powder, 
and  allowing  the  solvent  to  evaporate.  A 
more  complicated  procedure,  which  has  been 
utilized  with  some  organic  samples  when 
sub-microscopic  sample  particles  were  de- 
sired for  highly  accurate  quantitative  anal- 


yses, consists  of  cooling  solutions  of  weighed 
amounts  of  sample  and  KBr  rapidly  in  a 
mixture  of  acetone  and  Dry  ice,  followed  by 
freeze-drying  of  the  solidified  mixture  of 
sample  and  KBr,  followed  by  vacuum  dry- 
ing; such  freeze-drying  methods  can  produce 
sample  particles  with  diameters  as  small  as 
0,01  micron. 

In  the  use  of  the  imbedding  window,  cer- 
tain limitations  exist,  including  those  that 
are  inherent  in  the  sampling  of  solid  mate- 
rials. Thus,  if  the  unit  cell  of  the  sample  con- 
tains strong  intermolecular  forces,  such  as 
may  occur  in  highly  polar  compounds,  the 
spectra  may  be  appreciably  modified  from 
those  which  would  be  obtained  from  the  rota- 
tionally  restricted  molecule  in  free  space. 
In  the  process  of  window  pressing,  some 
degree  of  specific  orientation  of  the  sample 
can  occur,  and  the  alteration  or  elimination 
of  one  or  more  absorption  bands  could  then 
occur  if  the  electric  vectors  associated  with 
the  various  group  vibrations  happened  to  lie 
parallel  to  the  radiation  beam.  The  absorp- 
tivity of  individual  absorption  bands  is  also 
affected  by  the  sample  particle  sizes  and  their 
distribution  across  the  cross-section  of  the 
light  beam,  so  for  accuracy  of  quantitative 
analyses,  uniformity  in  the  method  of  sample 
grinding  and  mrgmg  should  be  maintained. 

Chemical  nature  of  the  sample  and  of 
KBr  may  also  introduce  errors.  Because  of 
the  hygroscopic  nature  of  KBr,  the  adsorbed 
water  in  the  matrix  powder  can  sometimes 
form  hydrates  of  the  sample,  or  cause  hy- 
drolysis of  the  sample,  thus  causing  changes 
in  the  spectra.  Moreover,  KBr  and  KC1  are 
not  completely  inert,  and  double  decomposi- 
tion may  sometimes  take  place  between 
halide  and  sample.  Also,  if  the  sample  is  a 
strong  oxidizing  agent,  some  degree  of  oxida- 
tion of  the  matrix  material  may  occur. 

Further  precautions  must  be  taken  with 
mechanical  vibrators  that  are  often  used  in 
grinding  and  mmrig  the  sample  and  matrix, 
since  a  rigorous  grinding  in  the  preparation  of 
the  window  can  sometimes  cause  breakdowns 
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in  crystal  structure  of  the  sample,  resulting 
in  broadening  or  elimination  of  absorption 
peaks  such  as  occur  when  a  material  has 
been  rendered  amorphous.  This  effect  is  more 
apt  to  occur  in  materials  that  have  low  lat- 
tice energies.  In  addition,  excessive  grinding 
can  cause  changes  in  the  spectra  due  to  poly- 
morphic changes  in  the  sample,  particularly 
for  materials  that  have  their  more  stable 
states  under  the  vigorous  grinding  conditions 
of  window  preparation.  The  KBr  matrix 
may  also  introduce  error,  as  the  intensity  of 
the  weak  absorption  band  that  occurs 
near  a  wavelength  of  9  microns  in  the  spec- 
trum of  a  window  made  from  reagent  grade 
KBr  may  increase  greatly  under  conditions 
of  excessive  grinding,  and  consequently  in- 
terfere strongly  with  the  spectra  of  the  sam- 
ple. These  effects  are  minimized  if  the  sample 
and  KBr  are  not  subjected  to  a  vigorous 
and  prolonged  grinding  in  a  mechanical 
vibrator. 

When  the  necessary  precautions  are  ob- 
served in  the  preparation  and  application  of 
the  imbedding  window  method,  it  can  be  of 
much  use,  and  the  method  has  accordingly 
been  established  among  infrared  techniques 
as  a  basic  procedure  in  the  analysis,  both 
qualitative  and  quantitative,  of  the  widest 
variety  of  organic  and  inorganic  solid  ma- 
terials. 

REFERENCES 

1.  BAMR,  A.  W.,  /.  Phy9.  Chem.,  61,  460  (1957). 

2.  BARKER,  3.  A.,  BOURNE,  E.  J.,  WEIGEL,  H.  AND 

WHIFFBN,  D.  H.,  Chem.  &  Ind.  (London), 
1966,  318. 

3.  BROWNING,  R.  S.,  WIBEBLET,  S.  E.,   AND 

NACHOD,  F.  C.,  Anal.  Chem.,  27,  7  (1965). 

4.  FARMER,  V.  C.,  Chem.  <k  Ind.  (London),  1956, 

586. 

5.  LANE,  T.  J.,  SEN,  D.  N.,  AND  QUAGLIANO,  J.  V., 

/.  Chem.  Phys.,  22, 1855  (1954). 

6.  LEJEUNE,  R.,  AND  DUTCHAEETS,  G.,  Spectro- 

chimica  Acia,  S,  194  (1954). 

7.  MILLET,  R.  G.,  Anal.  Chem.,  30, 1931  (195S). 

8.  ROBERTS,  G.,  Anal.  Chem.,  29,  911  (1957). 

9.  ROSBNKBANTZ,  H.,  Method*  o/Biochem.  Anal., 

5,  407  (1957). 

450 


10.  SCHEIDT,  U.,  Naturforscher,  7b,  270  (1952). 

11.  STIMSON,  M.  M.,  AND  O'DONNELL,  M.  J., 

J.  Am.  Chem.  Sac.,  74,  1805  (1952). 

12.  WEISSBERGBR,  A.,  "Chemical  Applications  of 

Spectroscopy,"     Interscience     Publishers, 
New  York,  1956. 

ROBERT  G.  MILKEY 

INFRARED  ABSORPTION,  BASIS  OF* 

A  basis  for  appreciation  of  infrared  spec- 
trometric  applications  is  an  understanding  of 
the  interaction  between  infrared  radiation 
and  matter  —  the  absorption  of  infrared  light 
by  a  sample.  The  explanation  given  below 
suffers  some  inaccuracies  from  over-simplifi- 
cation but  permits  a  logical  relationship  be- 
tween the  fundamental  phenomenon  and  its 
usefulness. 

Electromagnetic  Radiation  —  The  In- 
frared Spectrum.  Infrared  radiation  is  a 
portion  of  the  "electromagnetic  spectrum." 
All  the  familiar  types  of  radiation:  x-rays, 
visible  light,  infrared,  radiowaves,  etc.,  are 
qualitatively  identical  in  that  they  are  light 
energy  waves  moving  in  accordance  with 
the  law  Xi>  =  c  where  X  is  the  wavelength  of 
the  light  in  cm,  v  is  the  frequency  in  cycles 
per  second,  and  c  is  the  velocity  of  light  (3  X 
1010  cm  per  second.)  These  radiations  are 
differentiated  by  the  methods  used  for  pro- 
ducing and  measuring  them  as  well  as  their 
interaction  with  matter. 

Two  interchangeable  units  are  used  to  de- 
scribe a  position  in  the  infrared  range  of  the 
electromagnetic  spectrum.  These  are  a  wave- 
length (X)  unit,  the  micron  (/*),  1  /*  =  10^ 
cm  —  lO^A;  and  a  so-called  frequency  or 
wavenumber  (v)  unit,  waves  per  cm,  which 
is  written  as  cm""1.  A  simple  reciprocal  rela- 
tionship exists  between  these  units,  namely, 


Although  this  duality  makes  for  a  somewhat 

*  Source:  "Introduction  to  Infrared  Spectroxne- 
try,"  Volume  1,  Perkin-Elmer  Corp.,  Norwalk, 
Conn.,  1952. 
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confusing  situation,  those  working  with  in- 
frared have  not  been  able  to  agree  on  a  com- 
mon unit — they  must  become  familiar  with 
both  in  order  to  appreciate  the  literature. 

The  so-called  frequency  unit  y(cm-1  or 
waves  per  cm)  is  used  because  it  is  a  more 
manageable  number  than  the  more  funda- 
mental unit  of  true  frequency  ^(cycles  or 
waves  per  second).  From  the  above  expres- 
sions it  can  be  seen  that  Ksec"1)  —  <*•  The 
primary  region  of  fundamental  infrared  in- 
terest is  the  range  P  =  12  -  0.6  X  1018  cycles 
per  second,  v  =  4000  -  200  cm-1,  X  =  2.5  - 
50  JK.  The  region  between  this  and  the  visible 
0.7-2.5  M  is  called  the  overtone  or  near  in- 
frared, while  the  region  beyond  50  M  is  spo- 
ken of  as  the  far  infrared. 

Also,  for  this  illustration,  it  is  desirable 
to  consider  electromagnetic  radiation  as  a 
traveling  field  of  electric  force  whose  direc- 
tion (the  direction  in  which  it  would  impel 
an  electrically  charged  particle)  oscillates 
with  the  characteristic  frequency. 

The  Vibrating  Molecule— Classical 
Model.  The  concept  of  the  vibrating  mole- 
cule is  presented  as  a  mechanical  model.  A 
model  of  any  molecule  such  as  HC1,  CBU , 
benzene,  etc.,  can  be  made  by  (1)  taking 
masses,  such  as  ball  bearings,  whose  weights 
are  proportional  to  the  atomic  weights  of  the 
atoms,  (2)  arranging  them  in  space  accord- 
ing to  the  actual  space  geometry  of  the 
molecule,  and  (3)  connecting  the  masses  by 
simple  mechanical  springs  the  strengths  of 
which  are  proportional  to  the  chemical  bond 
forces.  Such  models  of  simple  molecules  are 
shown  in  Figure  1. 
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If  such  a  model  is  suspended  in  space  and 
struck  a  blow,  the  weights  will  appear  to 
undergo  random  chaotic  motions.  However, 
if  the  model  is  observed  with  a  variable 
frequency  stroboscopic  light,  certain  light 
flash  frequencies  will  be  found  at  which  the 
model  weights  appear  to  stand  still.  The 
model  is  undergoing  a  series  of  definite  fre- 
quency periodic  motions  and  it  is  the  sum 
of  these  motions  occurring  simultaneously 
which  presents  the  chaotic  pattern  observed 
in  steady  light.  A  study  will  show  that  the 
general  model  of  N  weights  will  have  3JV-6 
such  definite  frequency  motions  or  charac- 
teristic vibrations. 

This  same  model  of  known  weights, 
springs,  and  space  geometry  can  be  analyzed 
mathematically  by  the  standard  equations  of 
mechanics.  Such  an  analysis  will  give  the 
same  results  as  the  empirical  approach, 
namely,  3N-6  characteristic  vibration  fre- 
quencies the  values  of  which  are  a  function  of 
the  original  knowns:  weights,  geometry,  and 
springs. 

If  one  substitutes  in  these  equations  the 
actual  molecule  data,  atomic  weights,  inter- 
atomic distances  and  angles,  and  chemical 
bond  forces,  one  finds  that  the  resultant  me- 
chanical molecular  frequencies  will  fall  in 
the  range  12  -^  0.6  X  1018  cycles  per  second, 
the  same  frequency  range  as  infrared  radia- 
tion. 

The  Dipole  Moment.  A  further  charac- 
teristic of  a  molecule  which  should  be  ap- 
preciated (although  its  understanding  is  not 
vital  to  the  exposition)  is  the  dipole  moment. 
The  atoms  of  a  molecule  carry  a  positive  or 
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negative  charge.  The  dipole  moment  is  a  vec- 
tor product,  formed  by  concentrating  the 
positive  and  negative  charges  at  their  re- 
spective electrical  centers  of  gravity  and 
drawing  a  line  between  them.  The  position 
of  the  charges  vary  as  the  atoms  undergo  the 
characteristic  vibrations.  Hence,  a  molecule 
can  have  one  value  for  its  dipole  moment  at 
one  extreme  of  a  vibration  and  another  at 


the  other  extreme.  If  these  two  extreme  val- 
ues are  different,  there  is  said  to  be  a  change 
in  dipole  moment  associated  with  that  charac- 
teristic frequency  or  vibration.  If  these  two 
values  are  the  same,  there  is  no  change  in 
dipole  moment.  This  is  illustrated  by  the 
three  characteristic  vibrations  of  COa  shown 
in  Figure  2.  Row  A  is  the  average  configura- 
tion of  this  linear  molecule;  B  and  C  are  the 
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Fio.  2.  Characteristic  vibrations  of  COj  molecule. 

For  each  vibration  the  equilibrium  position  is  shown  in  the  top  row  and  the  two  extreme  vibra- 
tions with  resultant  dipole  moment  changes  in  the  second  and  third  rows.  The  characteristic  vibra- 
tions frequencies  are:  1.  7  X  10"  cycles  per  second,  2349  cnr1.  2.  4.2  X  10"  cycles  per  second,  1338 
cm"1. 3.  2  X  10"  cycles  per  second,  667  cnr1. 

452 


INSTRUMENTATION 


two  extremes.  The  normal  molecule  has  no 
dipole  moment  since  the  charges  are  balanced. 
Vibrations  1  and  3  show  a  change  in  dipole 
moment  associated  with  the  motion;  vibra- 
tion 2  remains  in  balance  so  there  is  no 
change. 

Interaction  of  Radiation  and  Mol- 
ecule. If  infrared  radiation  of  successive 
frequencies  (or  wavelengths)  is  incident  on  a 
molecule,  there  will  be  radiation  frequencies 
which  correspond  to  the  characteristic  molec- 
ular frequencies  in  value.  Under  such  natural 
resonant  conditions,  energy  can  be  exchanged 
from  one  system  to  the  other  provided  a 
linkage  or  coupling  is  available.  The  coupling 
mechanism  is  the  change  in  dipole  moment 
discussed  above.  (In  a  comparable  system  of 
bringing  a  vibrating  tuning  fork  near  another 
fork  of  the  same  frequency,  energy  is  ex- 
changed through  the  coupling  mechanism  of 
the  air.) 

In  Figure  2,  the  oscillating  electric  field  of 
the  radiation  tends  to  alternate  the  charge 
distributions  in  just  the  manner  illustrated 
by  the  change  in  dipole  moment.  In  so  doing, 
the  molecule  is  caused  to  vibrate,  energy  is 
exchanged  from  the  radiation  to  the  mole- 
cule, and  the  radiation  is  weakened  or  ab- 
sorbed. This  energy  of  molecular  vibration  is 
changed  to  translational  energy  by  collision 
with  aneighboring  molecule,  and  the  molecule 
reverts  to  its  initial  state  for  another  radia- 
tion absorption.  The  translational  energy  ap- 
pears as  a  temperature  rise  of  the  sample  and 
this  is  the  basis  of  infrared  heating. 

In  short,  the  scanning  of  a  molecular  sam- 
ple with  successive  infrared  frequencies 
shows  values  for  which  the  radiation  is  weak- 
ened or  absorbed,  and  these  values  corre- 
spond to  mechanical  vibration  frequencies 
of  the  molecule.  The  infrared  spectrum,  there- 
fore, is  an  analysis  of  the  molecular  vibra- 
tions, and  the  means  of  obtaining  this 
analysis,  the  infrared  spectrometer,  can  be 
considered  an  infrared  stroboscope  playing 
the  same  role  as  the  stroboscope  used  in 
studying  the  mechanical  model. 


This  simplified  picture  can  be  extended  to 
explain  the  rotational  absorption  effects  as 
a  modulation  of  the  vibrational  frequencies. 
However,  the  energy  level  aspects  of  the 
quantum  mechanics  give  a  much  truer  pic- 
ture, and  references  (3)  and  (4),  listed  under 
"History,"  are  suggested  for  further  study. 

PERKIN-ELMER  CORPORATION 
INSTRUMENTATION* 
The  Dispersion  Instrument 

The  function  of  the  dispersion  instrument 
is  to  supply  an  infrared  absorption  spectrum 
of  a  sample  by  irradiating  a  sample  with 
successive  frequencies  (wavelengths)  of  infra- 
red light  and  measuring  the  degree  to  which 
the  sample  absorbs  the  light. 

A  schematic  diagram  of  an  infrared 
double-pass  spectrometer  for  such  a  purpose 
is  shown  in  Figure  L  Infrared  radiation  from 
a  source  So  is  focused  by  Mi  and  M2  on  the 
entrance  slit,  Si,  of  the  monochromator. 
The  radiation  beam  from  Si  (Path  1)  is 
collimated  by  the  off-axis  paraboloid  M8  and 
a  parallel  beam  traverses  the  prism  Pr  for  a 
first  refraction.  It  is  reflected  by  the  Lit- 
trow  mirror  IVU  through  Pr  for  a  second 
refraction  and  focused  by  the  paraboloid 
(Path  2)  at  the  corner  mirror  Mfl.  The 
radiation  returns  along  Path  3,  traverses  the 
prism  again  and  back  along  Path  4  for  re- 
flection by  M7  to  the  exit  slit  S2 .  By  this 
double  dispersion  means  the  radiation  is 
spread  out  along  the  plane  of  82 .  The  fre- 
quency interval  which  passes  through  82  is 
focused  by  Ms  and  M9  on  the  thermocouple 
TC.  The  beam  is  chopped  by  CH  near  M6 
to  produce  an  a.c.  voltage  at  the  thermo- 
couple which  is  proportional  to  the  radiant 
power  or  intensity  of  the  beam.  This  voltage 
is  amplified  and  recorded  by  an  electronic 
potentiometer.  Motor  driven  rotation  of  M4 
causes  the  infrared  spectrum  to  pass  across 

*  Source:  "Introduction  to  Infrared  Spectrome- 
try"  Volume  1,  Perkin-Elmer  Corp.,  Norwalk, 
Conn.,  1952. 
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FIG.  1.  Optical  path  of  Model  112  single-beam  infrared  spectrometer  with  double-pass  monochro- 
mator. 


82  and  the  intensity  of  successive  frequencies 
is  measured. 

In  a  single-beam  instrument  such  as  this, 
the  radiation  spectrum  from  the  source  alone 
is  first  measured,  then  a  sample  is  introduced 
in  the  sample  area  and  the  source  radiation 
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as  modified  by  the  sample  is  measured.  A 
comparison  of  these  two  measurements  as  a 
function  of  radiation  frequency  provides  the 
sample  absorption  in  absolute  terms. 

A  detailed  discussion  of  an  infrared  spec- 
trometer is  best  carried  out  in  six  sections — 
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source,  dispersion,  detection  and  amplifica- 
tion, method  of  photometry,  recording 
variables  and  sampling. 

The  Infrared  Source.  The  ideal  infrared 
source  is  a  black  body  radiator  obeying 
Planck's  law.  The  best  approximation  to  the 
ideal  is  a  heated  cavity,  but  this  is  not 
generally  used  because  of  its  bulk  and 
wattage  requirement.  The  most  common 
sources  are  the  globar,  a  bonded  silicon 
carbide  rod,  and  the  Nerst  glower,  a  bonded 
mixture  of  rare  earth  oxides  in  rod  form. 
These  are  electrically  heated  to  temperatures 
in  the  range  120Q-2000°K  These  are  prac- 
tical approximations  to  a  black  body  as 
shown  by  their  emission  curves,  and  seem  to 
obey  Wien's  displacement  Law, 


X,n»xO*)T(0jK:)  =  2900 


(1) 


For  the  temperature  range  shown  above,  the 
emission  maxima  are  from  1.5  to  2.5  /*.  The 
desiderata  of  a  source  are  stability  and  high 
emission,  i.e.,  high  temperature.  A  study  of 
typical  black  body  emission  curves  vs. 
temperature  range  shows  that  increase  in  T 
increases  the  short  wavelength  radiation 
much  more  than  the  long  wavelength  that 
is  more  generally  used.  For  long  wavelength 
studies,  therefore,  the  scattered  or  false  ra- 
diation contribution  increases  faster  than 
the  time  radiation  desired.  This  difficulty 
can  be  partially  overcome  by  the  use  of 
selective  filters  or  shutters  and  can  be  almost 
completely  removed  by  the  double-pass  sys- 
tem.18 For  some  studies,  such  as  infrared 
microscopy,  where  maximum  intensity  is 
necessary  in  spite  of  disadvantages,  the  car- 
bon arc  is  used.1 

Dispersion.  Dispersion  defines  the  extent 
to  which  successive  frequencies  of  radiation 
are  separated  or  spread  out  in  space.  It  can 
be  measured  as  an  angular  separation  dk/dB 
or  a  space  separation  at  exit  slit  dX/dx.  The 
common  methods  of  dispersion  are  the  re- 
fraction prism  and  the  diffraction  grating. 
Higher  dispersion  can  be  obtained  from  a 
grating  but  it  is  usable  only  over  a  short 


spectral  range  and  in  the  infrared  requires  a 
fore  prism  for  elimination  of  higher  order 
diffraction.  In  spite  of  its  lower  dispersion, 
the  prism  instrument  is  more  generally  used 
because  of  its  greater  range  and  simplicity. 

The  dispersion  characteristics  give  the 
wavelength  distribution  at  the  exit  slit.  The 
frequency  or  wavelength  interval  which 
passes  out  the  exit  slit  is  determined  by  the 
widths  of  the  two  slits.  In  prism  infrared 
spectrometers  the  two  slits  have  the  same 
mechanical  width  for  maximum  efficiency. 
The  primary  criterion  used  here  is  the  spec- 
tral slit  width  (A?)  or  (AX)  which  is  half  the 
total  interval  falling  on  the  exit  slit.  Spectral 
slit  width  is  a  better  criterion  than  total 
interval  because  it  also  defines  the  spectral 
separation  of  two  essentially  monochromatic 
bands  which  can  just  be  resolved,  i.e.,  meas- 
ured as  two  separate  bands. 

The  relation  between  spectral  slit  width 
and  single-pass  Littrow  monochromator 
characteristics  is  given  by  the  formula: 


-  n* 


(2) 


or 


AX(cm)  — 


[l-n*sin«(«/2)]H* 


(3) 


where 


v  =  radiation  frequency  in  cm"1 


or 


X  =  radiation  wavelength  in  cm 
n  =  index  of  refraction  of  the  prism 

at  frequency  v 
a  =  prism  apex  angle 
dn/dX  —  dispersion  of  prism  at  frequency 

v 

$  =  mechanical  slit  width  in  cm 
/  =  focal  length  in  cm 
b  —  effective  prism  base  in  cm 
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TABLE  1.  CHARACTERISTICS  OF  VARIOUS  PRISM 

MATERIALS  USED  IN  THE  INFRARED 
As  window  materials  the  long  wavelength  limit 
can  be  extended  l-2p. 


Material 

Apex 
Angle 

Resistance  to 
Water  Vapor 

Recom- 
mended 
Range 

Usable 
Range 

Microns 

Microns 

Glass 

60° 

Excellent 

0.3-2 

0.3-2 

Quartz 

60° 

Excellent 

0.3-2.5 

0.2-3 

LiF 

72° 

Good 

0.2-6 

0.2-6 

CaF, 

67° 

Good 

0.2-9 

0.2-9 

NaCl 

60° 

Poor 

2-15 

0.2-17 

KBr 

60° 

Very  poor 

12-25 

0.2-25 

CsBr 

55° 

Very  poor 

15-38 

— 

F(s)  is  a  function  approximately  0.9  for  5  =  0 
and  decreasing  to  approximately  0.5  for  a 
value  of  a  such  that  the  first  term  equals 


The  term 


2bdn/d\ 


is  the  Rayleigh  term  for  a  single-pass  Littrow 
instrument  and  results  from  the  diffraction 
pattern  of  an  infinitely  narrow  slit.  This 
value  (actually  0.89  times  the  value)  is  the 
limiting  spectral  resolution  that  could  be  ob- 
tained if  an  infinite  amount  of  spectral  radia- 
tion were  available.  Actually,  resolution 
about  1.5  the  Rayleigh  value  can  be  obtained 
from  a  good  instrument,  but  normally  opera- 
tion is  conducted  at  spectral  slit  widths  two 
or  three  times  this  value. 

Table  1  gives  a  list  of  common  dispersion 
prisms  showing  apex  angles  and  normally 
used  spectral  regions.  The  long  wavelength 
limit  is  set  by  prism  absorption  and  the 
shorter  by  experimental  circumstances  such 
as  light  scattering  or  limited  dispersion.  In 
the  infrared  region  attainable  spectral  slit 
width  improves  (gets  smaller)  toward  longer 
wavelength  because  of  increasing  dispersion 
and  then  falls  off  since  prism  absorption  re- 
quires wider  slits  to  provide  sufficient  in- 
tensity for  measurement.  NaCl  is  the  most 
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widely  used  prism  with  CaF2  and  KBr  next, 
although  CsBr  may  supplant  KBr  because 
of  its  greater  transmission  range. 

Another  characteristic  evaluation  of  a 
dispersion  monochromator  is  of  value  for 
comparing  instruments  of  different  dimen- 
sions. This  criterion  is  the  radiant  power 
per  spectral  slit  width  at  frequency  v  and  is 
given  by 


(4) 


where 
Iv  =  radiant  power  incident  on  entrance 

slit 

h  =  the  slit  height 
D  =  the  angular  dispersion 
A  =  the  absolute  aperture  (the  effective 
area  of  the  prism  face  projected 
on  the  collimator) 
/  «  the  focal  length 

a  —  monochromator  efficiency  (allow- 
ance for  reflection  losses,  prism 
absorption,  etc.) 

For  an  infrared  instrument  in  good  condition 
used  in  a  region  of  negligible  prism  absorp- 
tion, CL  —  0.75.  Such  a  comparison  is  valid 
for  the  monochromator  portion  only.  For 
the  instrument  as  a  whole,  such  factors  as 
source  intensity,  detector  efficiency,  optical 
quality,  etc.,  must  be  considered. 

Detection — Amplification.  Detectors: 
The  most  commonly  used  infrared  detectors 
are  thermal  in  type:  the  thermocouple,  the 
bolometer,  and  the  more  recently  introduced 
pneumatic  cell.  In  a  thermal  detector  it 
is  necessary  to  differentiate  signal  changes 
caused  by  ambient  temperature  from  those 
caused  by  radiation.  This  is  done  by  chop- 
ping the  radiation  beam  at  a  frequency  (5-15 
cycles/second)  and  measuring  the  a.c.  signal 
at  this  frequency.  This  requires  a  detector 
with  a  short  response,  a  difficult  requirement 
because  heat  transfer  is  not  a  rapid  process. 
The  following  consideration  based  on  a 
thermocouple  gives  an  idea  of  the  problem. 
Radiation  is  incident  on  the  radiation  re- 
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ceiver  at  a  rate  of  /  watts,  is  absorbed,  and 
causes  an  increase  in  temperature.  Heat 
energy  is  lost  from  the  thermocouple  through 
convection,  radiation,  and  conduction  at  a 
rate  of  L  watts  per  °C.  In  time,  equilibrium 
will  occur  such  that J  =  LLT  where  A!F  is 
the  temperature  rise.  If  Q  volts  per  degree 
is  the  thermoelectric  coefficient  of  the  ther- 
mocouple material,  the  voltage  is  given  by 


E 


»  QJ/L 


(5) 


The  response  time  r  (the  time  to  reach  67% 
of  equilibrium  value)  is  given  by 


C/L 


(6) 


where  C  is  the  heat  capacity  of  the  receiver. 

The  desiderata  for  sensitivity  (high  volt- 
age) are  high  Q  and  small  L,  and  for  short 
response,  small  C  and  large  L.  The  influence 
of  L  is  opposed  in  these  two  requirements 
and  a  best  compromise  value  is  sought.  Q  is 
maximized  by  choice  of  materials,  and  C  is 
minimized  by  making  the  receiver  as  small 
as  possible  and  still  receive  the  optically  re- 
duced image  of  the  exit  slit. 

These  expressions  govern  the  sensitivity 
of  the  detector  but  the  important  criterion 
is  the  noise  equivalent  input,  i.e.,  the  amount 
of  incident  radiant  power  which  will  give  a 
voltage  signal  equal  to  the  inherent  noise. 
This  inherent  noise  (Johnson  noise)  is  pro- 
portional to  the  square  root  of  electrical  re- 
sistance which,  in  turn,  is  related  to  the 
thermal  conductivity.  All  these  factors  must 
be  considered  in  detector  design.  References 
to  the  detectors  commonly  used  are  pin  type 
thermocouple,2  wire  thermocouple,8  bolom- 
eter,4 and  Golay  pneumatic  detector.5  Com- 
parison of  these  various  detectors  is  very 
difficult  from  design  data  and  is  best  done 
by  measuring  each  in  the  same  radiant  beam. 
However,  some  very  rough  noise  equivalent 
figures  for  a  thermocouple  (measurable 
limits)  are  as  follows 

AT  =  10-8°C,    A/  »  10-"  watt,    Atf  «  10~»  volt. 

The  efficiency  of  conversion  of  radiant  power 


to  electrical  power  under  these  conditions  is 
less  than  10~6.  The  thermal  detector  is  es- 
sentially a  heat  engine  and  it  is  this  low  level 
inherent  inefficiency  which  makes  infrared 
instrumentation  difficult. 

A  detector  of  greater  efficiency  is  the 
photoconductive  cell.6  However,  its  present 
long  wavelength  sensitivity  limit  seems  to 
be  about  5  M  so  that  its  value  is  limited  to 
special  applications. 

Amplification:  The  primary  use  of  elec- 
tronics is  in  amplifying  the  small  signals 
which  arise  from  the  various  radiation  de- 
tectors. This  is  inevitably  a  problem  of 
achieving  good  signal-to-noise  ratio  so  that 
fundamental  data  of  the  spectrum  are  not 
obscured  by  noise.  Although  special  tech- 
niques are  required  for  low  noise  level 
amplification,  these  are  now  quite  well  estab- 
lished. Much  has  been  learned  from  similar 
low  level  problems  in  medical  research,  geo- 
physical equipment  and  radar  circuits. 

The  greatest  attention  in  a  low  level 
amplifier  has  to  be  paid  to  the  first  stage, 
commonly  called  the  "preamplifier."  Here 
various  forms  are  appropriate  depending  on 
the  detector  and  its  impedance  level.  The 
thermocouples  and  thermopiles  are  in  the 
low  impedance  category  and  it  is  possible 
to  achieve  voltage  amplification  from  modu- 
lated signals  with  a  well-shielded  trans- 
former. For  photomultipliers  (and  Golay 
cells),  lead  sulfide  cells,  and  similar  de- 
tectors, the  impedance  level  is  higher  and  so 
the  signal  is  usually  fed  directly  to  the  grid 
of  the  vacuum  tube. 

Following  the  preamplifier  there  are 
usually  several  stages  of  vacuum  tube  am- 
plification. Here  the  signal  level  is  high  and 
so  the  stages  are  of  conventional  design. 

The  output  requirements  of  the  signal 
amplifier  are  determined  by  the  nature  of 
the  load  which  is  to  be  used.  Often  for  modu- 
lated signals  this  is  some  form  of  a  rectifier 
followed  by  a  filter.  This  filter  determines 
the  bandpass  and  thus  the  noise  of  the  sys- 
tem. Usually,  this  filtering  is  adjustable  since 
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heavy  filtering  can  be  used  only  at  low  scan- 
ning speeds  without  deterioration  of  the 
spectra. 

The  requirements  of  the  signal  amplifier 
depend  a  great  deal  on  the  form  in  which  the 
spectral  data  are  obtained.  Some  systems 
operate  on  the  null  principle  in  which  a 
reference  beam  of  radiation  is  attenuated 
until  no  a.c.  signal  arises  from  the  detector.7'9 
In  such  a  system,  the  requirements  on 
linearity  in  regard  to  both  phase  and  ampli- 
tude are  not  severe.  In  other  systems,  such 
as  the  Halford-Savitzky  system,10  data  are 
carried  as  the  phase  angle  of  an  a.c.  voltage. 
Here  it  is  very  important  that,  regardless  of 
amplitude,  the  amplifier  maintain  a  constant 
phase  shift.  In  another  scheme  (Hornig 
method),11  data  are  carried  in  the  form  of  the 
amplitude  of  pulses.  The  amplifier  must 
have  good  bandpass  so  as  not  to  distort  the 
pulses  and,  of  course,  must  be  quite  linear  in 
amplitude. 

Electronic  circuits  are  used  in  many  pieces 
of  auxiliary  gear  for  spectrometers  and  only 
a  few  will  be  mentioned  here.  One  example 
of  such  equipment  is  the  electronic  slit  drive. 
In  one  instrument  a  tapered  potentiometer 
is  driven  by  the  wavelength  shaft.  As  the 
wavelength  changes,  a  servo  positions  the 
slits  according  to  data  received  from  this 
potentiometer.  The  taper  is  chosen  so  that 
the  slit  adjustment  removes  the  energy  varia- 
tion which  would  result  from  the  black  body 
characteristics  of  the  source.  Thus,  reason- 
ably constant  energy  is  passed  through  the 
monochromator  regardless  of  wavelength 
setting.  In  another  system10' u  a  signal  is 
available  which  is  proportional  to  reference 
ID  signal.  In  this  case  the  servo  system  can 
be  used  to  adjust  the  slits  so  that  I0  remains 
constant. 

Photometry  System.  The  term  "pho- 
tometry" is  used  to  apply  to  the  principle  of 
radiation  measurement.  The  instrument  in 
Figure  1  uses  single-beam  photometry:  the 
radiation  from  source  without  sample  and 
with  sample  are  measured  separately,  a 
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ratio  calculated  and  replotted.  Complete 
spectral  plotting  by  such  a  method  is  tedious 
and  rarely  done.  Such  replotting  is  not  par- 
ticularly necessary  for  internal  spectral  use 
but  is  desirable  for  external  dissemination  on 
some  absolute  scale. 

In  order  to  avoid  this  difficulty,  instru- 
ments thave  been  developed  which  provide 
automatic  comparison  of  the  intensity  of  the 
reference  (/o)  beam  and  the  sample  (7) 
beam.  Such  instruments  are  termed  "infra- 
red spectrophotometers."  These  approaches 
to  this  automatic  comparison  have  been  de- 
scribed— the  memory  method,12  the  optical 
null,7'9  and  the  direct  ratio.10'  u 

In  the  memory  method  a  single  beam 
photometer  is  used.  The  70  spectrum  is  re- 
corded and  a  slit  servo  operated  to  maintain 
the  /o  value  constant.  The  slit  schedule  re- 
quired is  recorded  on  tape  or  wire.  The 
sample  is  introduced,  and  the  spectrum  re- 
run with  the  slits  repeating  the  schedule  on 
the  tape. 

In  the  optical  null  method,  two  radiation 
beams  are  taken  from  the  source  and,  by 
means  of  a  rotating  mirror,  each  beam  trav- 
erses the  monochromator  detector  system 
on  alternating  half  cycles.  If  the  two  beams 
have  the  same  intensity,  they  will  produce  a 
d.c.  signal  at  the  detector.  If  they  are  un- 
balanced, an  a.c.  signal  results.  The  sample 
is  placed  in  one  beam  and  a  diaphragm  device 
graduated  from  0  to  100%  transmission  in 
the  other.  The  a.c.  signal  resultant  from  un- 
balance is  used  to  drive  the  diaphragm  to 
balance  and  at  its  balance  position  it  re- 
cords the  transmittance  of  the  sample.  A 
schematic  of  such  a  system  is  shown  in  Fig- 
ure 2. 

The  direct  ratio  system  is  similar  to  the 
optical  null  in  that  two  radiation  beams  are 
simultaneously  compared.  In  this  case  a 
separate  electrical  signal  proportional  to 
each  beam  is  separated  by  a  phase  sensitive 
detection  system.  The  J0  signal  is  placed 
across  the  slide  wire  of  a  recording  po- 
tentiometer and  the  J  signal  fed  to  the  con- 
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PIG.  2.  Schematic  diagram  of  optical  null-type  infrared  spectrophotometer. 


ventional  recording  point  so  that  the  ratio 
7//o  is  automatically  attained. 

There  are  advantages  and  disadvantages 
to  all  the  schemes  both  inherently  and  be- 
cause of  other  experimental  limitations. 
These  points  are  discussed  in  references 
13,  14  and  7.  In  the  course  of  time,  one  of 
these  systems  or  a  combination  may  prove 
predominant. 

Recording  Variables.  The  various  in- 
strument elements  discussed  above  are  com- 
bined in  operation  to  provide  an  infrared 
absorption  spectrum.  The  quality  of  the 
spectrum,  and  therefore  the  quality  of  the 
instrument,  can  be  judged  by  four  funda- 
mental operating  variables:  (1)  spectral 
resolution,  (2)  reproducibility,  (3)  time  of 
recording,  (4)  accuracy.  These  are  not  in- 
dependent variables  as  it  is  not  possible 
with  a  given  instrument  to  set  arbitrary 


values  for  each  variable.  Therefore,  a  spec- 
trum cannot  always  be  judged  as  to  any  one 
variable  without  regard  to  the  others. 

Spectral  resolution  defines  the  degree  to 
which  sharp,  adjacent  absorption  bands  can 
be  resolved  or  shown  as  separate  bands.  It 
is  primarily  a  function  of  the  spectral  slit 
width  used,  but  it  is  also  dependent  on  the 
response  of  the  recording  system  at  the  scan 
speed  and  the  reproducibility  conditions. 
Optical  resolution  by  itself  can  be  measured 
by  spectral  tests  under  slow  low  noise  re- 
cording. A  spectrum  may  show  a  lack  of 
resolution  because  it  is  recorded  at  too  high 
a  speed  for  the  recording  system  to  follow 
the  spectral  structure.  For  a  given  instru- 
ment, the  spectral  slit  width  determines  the 
radiation  or  electrical  signal  available  for 
measurement.  For  prism  instruments,  spec- 
tra are  usually  recorded  with  a  spectral 

459 


INFRARED  SPECTROPHOTOMETRY 


resolution  of  2-4  times  the  Rayleigh  limit 
term  of  Equation  (2). 

Reproducibility  defines  the  degree  to  which 
two  spectra,  taken  under  identical  instru- 
ment conditions,  can  be  superimposed.  It 
depends  on  the  mechanical  and  electrical 
reproducibility  of  the  equipment  and  the 
theoretical  electrical  Johnson  noise.  Assum- 
ing adequate  design  performance,  the  ulti- 
mate limit  is  then  the  theoretical  noise 
limit-  It  is  usually  measured  by  running  a 
3-5  minute  record  under  operating  condi- 
tions, but  with  the  radiation  source  shut- 
tered. Two  parallel  lines  are  drawn  to  just 
enclose  this  record  and  the  separation  of  the 
lines  is  the  peak-to-peak  noise.  RMS  noise 
is  about  one-fourth  this  value.  This  figure, 
expressed  in  equivalent  radiation  or  electri- 
cal signal  limits,  provides  the  basis  for  a 
ratio  of  sigrud-to-noise  used  in  recording  the 
spectrum.  Normal  signal-to-noise  ratios 
used  are  from  50-300.  Johnson  noise  is 
varied  by  the  filter  band-pass  control. 

Time  of  recording  is  simply  the  elapsed 
time  required  to  obtain  the  spectrum  shown. 
Generally,  in  running  a  spectrum,  the  in- 
strument is  set  for  the  desired  spectral 
resolution  which  then  determines  the  signal. 
The  required  signal-to-noise  ratio  is  then 
determined  by  adjusting  the  bandpass  which 
fixes  the  noise.  Such  a  bandpass  setting  also 
fixes  the  response  time  of  the  instrument,  a 
measure  of  the  time  required  for  the  record- 
ing pen  to  react  to  a  sharp  change  in  signal. 
With  these  variables  determined,  sufficient 
recording  time  must  be  allowed  for  the  sys- 
tem to  measure  the  spectral  structure. 
Spectral  recording  time  for  the  NaCl  region 
4000  cm-1  (2:5  /*)  to  650  cm-1  (15  /*)  runs 
from  5  to  45  minutes. 

Accuracy,  the  fourth  variable,  has  two 
connotations.  The  obvious  one  is  a  measure 
of  the  deviation  of  abscissa  designation  from 
true  frequency  (wavelength)  or  ordinate 
designation  from  true  transmittance  of  a 
sample.  The  abscissa  accuracy  is  primarily  a 
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design  function,  while  ordinate  accuracy  is  a 
function  of  sampling,  false  radiation,  and 
design  features  of  the  photometry  system 
chosen.  Abscissa  variation  is  usually  J^-l 
part  in  1,000  and  ordinate  accuracy  %-l 
part  in  100.  Ordinate  accuracy  is  often  de- 
pendent on  sampling  and  operator  tech- 
niques. 

The  above  accuracy  discussion  holds  for 
static  measurement  or  measurement  at  very 
slow  recording  speed.  Under  these  condi- 
tions, accuracy  is  subject  to  design  or  opera- 
tor control.  As  recording  speed  is  increased, 
the  noise  requirement  and  consequent  band- 
pass set  a  theoretical  limit  on  the  degree  to 
which  structure  can  be  followed  accurately. 
Such  deviations  have  not  been  given  much 
consideration  since,  for  most  of  the  applica- 
tions of  infrared,  reproducibility  rather  than 
true  accuracy  is  the  prime  requisite. 

The     Continuous     Analyzer     (Process 
Analysis) 

The  instruments  discussed  above  are  used 
primarily  for  research  or  control  laboratory 
applications  on  batch  sampling.  There  is  an 
increasing  extension  of  infrared  instruments 
to  plant  process  continuous  analysis  and 
control.  The  basis  and  usefulness  of  such 
equipment  are  the  same  as  that  previously 
discussed,  the  main  difference  in  the  two 
types  is  that  in  the  process  equipment 
elasticity  of  use  has  been  sacrificed  for  ex- 
treme stability  and  dependability.  The  in- 
struments are  of  two  types — dispersion  and 
non-dispersion. 

The  dispersion  instruments  follow  the 
types  already  outlined.  Dimensions,  and 
sometimes  optical  quality,  are  reduced  for 
economy;  ease  of  slit  and  wavelength  adjust- 
ment are  sacrificed  for  permanence.  Thermo- 
statting  and  explosion  proofing  are  common 
practice.  As  in  the  laboratory  instruments  a 
comparison  of  two  signals  is  desired  to  re- 
move the  effect  of  source  variations  and  give 
results  on  an  absolute  basis.  In  one  process 
instrument,  the  bichromator  analyzer,  a 
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single  sample  cell  is  used  but  two  radiation 
wavelength  bands,  Xi  and  X2,  both  passing 
through  the  sample,  are  compared  auto- 
matically and  continuously.  A  second  pilot 
plant-type  instrument14  makes  successive 
comparative  measurements  at  six  pairs  of 
wavelength  positions,  the  first  of  each  pair 
being  used  to  standardize  the  instrument 
and  the  second  for  the  component  absorp- 
tion. 

In  the  non-dispersion  instrument,  prisms 
or  gratings  are  not  used.  Instead,  total  radia- 
tion from  a  source  is  passed  through  a  sample 
and  variations  in  the  radiation  are  correlated 
with  change  in  sample  concentrations.  Such 
instruments  fall  into  two  general  categories 
based  on  the  use  of  selective17*18  or  non- 
selective15'  1C  radiation  detection.  At  first 
thought  the  non-dispersion  type  of  instru- 
ment would  seem  to  have  less  component 
selectivity  than  a  dispersion  type  one,  i.e., 
would  have  less  possibility  of  measuring  a 
component  of  a  mixture  uniquely  because  the 
use  of  absorption  bands  over  the  whole 
spectral  range  would  imply  more  spectral 
overlap  with  the  other  components.  Although 
there  is  a  much  greater  probability  of  over- 
lap, this  has  been  turned  to  advantage  in  a 
method  of  "compensation"19  whereby,  in 
many  cases,  the  non-dispersion  analyzer  can 
be  made  more  nearly  unique  than  a  dis- 
persion type.  Such  continuous  analyzers  at 
the  present  time  generally  measure  only  a 
single  component  although  development  of 
multicomponent  types  will  continue. 
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PERKIN-ELMER  CORPORATION 

INTERPRETATION  AND  CATALOGING 

An  infrared  absorption  spectrum  of  a 
sample  is  generally  obtained  for  one  of  four 
major  reasons.  The  sample  may  be  an  un- 
known compound  for  qualitative  identifica- 
tion, a  mixture  of  known  components  for 
quantitative  analysis,  a  newly  synthesized 
compound  whose  structure  is  to  be  eluci- 
dated, or  a  compound  on  which  data  are  de- 
sired concerning  the  physics  of  the  molecule 
such  as  force  fields  inside  the  molecule  or 
vibrational  contributions  to  specific  heats. 
The  procedure  for  making  use  of,  or  in- 
terpreting the  spectral  data  varies  with  the 
type  of  information  desired. 

Quantitative  analysis  is  the  mathematical 
resolution  of  the  spectrum  of  a  mixture  of 
compounds  into  the  percentage  of  each  com- 
pound which  must  be  present  to  give  the 
resultant  total  absorption.  Procedures  for 
quantitative  analysis  are  discussed  in  detail 
elsewhere. 
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In  qualitative  analysis  an  unknown  com- 
pound is  identified  by  point-by-point  spectral 
matching  with  a  previously  established 
standard.  After  a  spectrum  of  an  unknown 
compound  is  obtained,  the  analyst  is  faced 
with  a  data  retrieval  problem  since  the  right 
spectrum  for  comparison  must  be  located. 
Some  ways  in  which  qualitative  analysis  is 
achieved  are  discussed  below. 

The  simplest  qualitative  analysis  problem 
is  the  one  in  which  the  unknown  is  sub- 
mitted for  analysis  along  with  a  reference 
sample  of  material  which  it  is  expected  to 
match.  Spectra  of  the  unknown  and  the 
standard  can  be  obtained  under  identical 
instrument  conditions  and  comparison  of 
the  spectra  is  a  simple  procedure.  If  an  exact 
spectral  match  is  obtained,  the  analysis  is 
completed.  If  the  spectra  are  different,  then 
the  spectroscopist  calls  upon  functional 
group  data  presented  to  him  by  the  spectrum 
to  obtain  a  lead  on  the  kind  of  compound  it 
maybe. 

These  structural  group  data  are  empirical 
information  accumulated  from  the  study  of 
spectra  of  known  compounds.  Specific  atomic 
groups  absorb  within  a  given  wavelength 
region  which  can  be  used  to  characterize 
that  group.  The  precise  frequency  at  which 
the  group  will  absorb  within  this  expected 
region  is  dependent  upon  molecular  environ- 
ment factors  such  as/the  mass  or  electronic 
characteristics  of  neighboring  groups;  this 
information  is  steadily  being  accumulated 
and  is  reported  in  the  literature.  The  most 
comprehensive  treatment  available  is  the 
book  "The  Infrared  Spectra  of  Complex 
Molecules"  by  L.  J.  Bellamy.  A  chaxt  of  the 
known  correlations  is  given  in  the  /.  Opt. 
Soc.  Am.,  Vol.  40,  397  (1950).  The  spectros- 
copist uses  this  information  tempered  by  his 
knowledge  of  possible  exceptions  to  establish 
the  type  of  compound  the  unknown  may  be. 
The  next  step  in  the  analysis  depends  upon 
the  method  of  access  to  reference  files  that 
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the  spectroscopist  uses.  Typical  examples 
are: 

Compound  Class  File.  Reference  spectra 
are  organized  according  to  structural  data 
which  can  be  deduced  from  the  spectrum. 
For  example,  aliphatic  carboxylic  acids  may 
be  in  one  group,  aromatic  carboxylic  acids  in 
another  and  aliphatic  hydroxy  acids  in  still 
another  category.  The  spectroscopist  uses 
structural  group  interpretation  of  the  spec- 
trum to  establish  the  category  the  unknown 
falls  in  and  then  looks  through  the  spectra 
of  the  corresponding  compounds  for  (a)  an 
exact  spectral  match  which  identifies  the 
compound,  or  (b)  spectrum  details  which 
match  those  of  some  particular  structure 
variation  within  the  category  and  which 
narrow  the  possible  alternatives  down  to  a 
few  compounds.  This  system  offers  excellent 
possibilities  for  identifying  unknowns  and 
for  suggesting  possible  answers  if  the  exact 
compound  desired  is  not  in  the  file;  it  pro- 
vides a  good  way  for  new  workers  in  the  field 
to  study  spectra  of  compound  classes.  Its 
principal  disadvantages  are  that  it  requires 
considerable  file  maintenance  time  and  does 
not  lend  itself  readily  to  dual  use  as  a 
numerical  file.  An  optimum  arrangement  is 
to  have  two  sets  of  reference  spectra  avail- 
able so  that  a  master  file  can  be  kept  in 
numerical  sequence  and  a  duplicate  set  can 
be  arranged  according  to  compound  classes 
or  according  to  company  research  projects 
on  which  they  are  needed. 

Punched  Cards  for  Electronic  Sorting. 
A  punched  card  can  be  made  for  each  com- 
pound to  carry  coded  information  on  posi- 
tion and  relative  strengths  of  the  absorption 
bands.  Some  laboratories  use  a  system  of 
their  own  (Anal.  Chemistry,  Vol.  25,  No.  10, 
pp.  1457-1460,  1953).  Others  use  a  system 
developed  by  L.  Kuentzel  at  Wyandotte 
Chemical  Company  and  adopted  by  ASTM 
Committee  E-13  for  standardization  and 
distribution  through  ASTM  Headquarters 
at  1916  Race  Street,  Philadelphia,  Penn- 
sylvania. An  important  aspect  of  this  set  of 
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IBM  cards  is  that  all  of  the  available  refer- 
ence spectra,  including  curves  from  the 
technical  literature  are  included.  If  this 
system  is  to  be  relied  upon  for  identification 
of  unknowns  by  mechanical  sorting,  it  is 
desirable  to  have  a  sorter  close  to  the  spec- 
trum files.  Most  users  of  these  IBM  cards 
find  it  expedient  to  break  them  down  into 
presorted  decks  so  that  the  entire  group  of 
about  15,000  will  not  have  to  be  processed 
for  a  single  unknown. 

Needlesort  Cards.  Two  of  the  reference 
spectrum  libraries — the  National  Bureau  of 
Standards-National  Research  Council  pub- 
lication and  the  "Documentation  of  Molecu- 
lar Spectroscopy"  by  Butterworth's  Scien- 
tific Publications — are  available  printed  on 
cards  punched  for  needle-sorting  on  the  basis 
of  absorption  bands,  physical  constants  and 
structural  groups.  It  is  important  for  con- 
venient handling  of  these  sets  to  keep  the 
spectral  cards  in  a  presorted  system. 

Numerical  File  of  Spectra  with  Aeeess 
Provided  by  Indexes.  An  empirical  formula 
index  and  alphabetical  index  can  be  used  to 
search  out  compounds  known  to  be  possi- 
bilities from  sample  history,  physical  con- 
stants and  structural  group  interpretation 
of  the  infrared  spectrum.  If  a  "good  guess" 
is  available  from  either  a  distinctive  spec- 
trum or  from  known  possibilities  of  the 
sample  origin,  this  system  is  entirely  satis- 
factory. On  the  other  hand  it  is  apt  to  fail 
completely  or  be  unduly  time-consuming  for 
many  unknowns. 

Index  by  Major  Absorption  Bands.  An 
index  system  based  on  major  absorption 
bands  has  given  good  service  in  many  labora- 
tories. It  is  essentially  a  notebook  file  listing 
all  the  compounds  which  have  a  strongest 
band  at  some  frequency.  It  may  be  broken 
down  into  sub-groups  by  other  bands.  A 
commercially  available  system  based  on  this 
philosophy  of  indexing  by  major  bands  in 
each  one  micron  interval  is  the  Spec-Finder 
by  the  Sadtler  Research  Laboratories  in 
Philadelphia.  This  system  is  in  effect  a 


card-file  which  is  already  presorted  by  major 
bands  and  printed  in  notebook  form.  It  lacks 
the  flexibility  of  an  indexed  card-file,  but  has 
the  advantage  of  providing  a  quick  answer 
(on  the  order  of  a  few  minutes)  on  many 
unknowns. 

The  greatest  limiting  factor  for  all  the  sys- 
tems is  that  not  enough  high-quality  refer- 
ence spectra  are  available.  A  laboratory 
doing  diversified  analyses  needs  all  of  the 
spectra  it  is  possible  to  obtain. 

Structural  Elucidation  of  an  Unknown 
Compound 

Structural  group  data  referred  to  in  the 
above  section  are  the  most  useful  information 
for  interpretation  of  the  spectrum  of  a  com- 
pound for  which  previous  reference  spectra 
are  not  available.  If  it  is  a  chemical  prepared 
within  the  research  organization,  it  is  gen- 
erally very  useful  to  study  spectra  of  the 
intermediates  and  see  if  the  spectrum  is  con- 
sistent with  the  step-by-step  chemical  mod- 
ifications. Spectra  of  closely  related  model 
compounds  will  generally  be  needed  for  the 
spectroscopist  to  gain  confidence  in  the  exact 
identity  of  the  compound.  Absolute  proof  of 
the  identity  of  a  new  compound  usually  rests 
upon  supporting  spectroscopic  data  such  as 
Raman,  on  nuclear  magnetic  resonance,  and 
on  chemical  evidence. 

Theoretical  significance  of  infrared  absorp- 
tion spectra  is  discussed  in  "Molecular  Vi- 
brations" by  Wilson,  Cross  and  Decius 
(McGraw-Hill)  and  "Infrared  and  Raman 
Spectra"  by  Herzberg  (Van  Nostrand). 
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CLARA  D.  SMITH 

LABORATORY  ORGANIZATION  AND 
OPERATION 

This  subject  must  be  considered  in  rela- 
tion to  the  particular  type  of  work  to  be  done 
and  to  other  available  analytical  and  re- 
search facilities.  Molecular  spectroscopy  is 
applied  to  the  determination  of  individual 
compounds  and  specific  structural  groups, 
or  to  the  determination  of  energies  associated 
with  electronic,  vibrational,  or  rotational 
motions  of  the  molecule.  It  is  in  the  first 
area,  where  a  laboratory  is  offering  services, 
that  attention  to  systematic  organization  is 
important.   The  major  types  of  services 
offered  by  a  spectroscopy  laboratory  are: 
Routine  control  analyses 
Analytical  services  including  quantita- 
tive and  qualitative  analyses 
Research  in  new  applications  and  ana- 
lytical method  procedure 
Research  in  instrumental  methods  and 
physical  measurements  of  optical  and 
electrical  properties  of  materials  for 
sources,  detectors,  and  windows 
Most  laboratories  will  function  at  one  time 
or  another  in  more  than  one  of  these  areas. 
For  purposes  of  describing  essential  equip- 
ment, personnel,  administration,  and  auxil- 
iary services  it  is  useful  to  consider  them 
separately. 

The  routine  control  laboratory  may  range 
from  a  single  spectrometer  suited  to  one 
determination  for  a  fabricating  company 
with  a  miTriTmiTn  need  for  chemical  work,  to 
a  large  array  of  spectrometers  for  routine 
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monitoring  of  many  phases  of  production  of 
chemicals.  Where  several  instruments  are 
applied,  and  where  there  may  be  a  frequent 
change  in  the  specific  analyses  needed,  the 
subsequent  discussions  on  general  analytical 
and  research  facilities  are  likely  to  be  more 
applicable  than  this  particular  section. 

Consider  as  typical  of  the  simplest  type  of 
spectroscopic  installation  the  requirements 
of  a  company  manufacturing  refrigerators 
for  an  analysis  for  water  in  "Freon,"  or  of  a 
company  using  organic  solvents  in  a  formu- 
lation as  a  means  of  checking  ratios  of  com- 
ponents in  the  solvent  from  the  supplier. 
Such  instrumentation  needs  may  best  be 
served  by  equipment  which  is  ruggedly  built 
for  minimum  damage  by  the  atmosphere  and 
idly  probing  fingers.  A  single  table  with 
storage  drawers  may  serve  as  the  entire 
laboratory  unit.  Desirable  features  for  other 
spectroscopy  laboratories  such  as  direct-re- 
cording attachments  and  air-conditioning 
are  not  essential  here. 

Careful  operators  or  technicians  can  per- 
form routine  analyses  after  instruction  from 
a  spectroscopist  who  may  be  available  from 
the  instrument  manufacturer  or  from  con- 
sulting firms.  Such  instruction  should  cul- 
minate in  a  step-by-step  written  procedure 
which  is  explicit  in  every  detail  and  which 
includes  symptoms  for  recognition  of  faulty 
instrument  performance.  Details  which 
should  be  covered  are:  sampling  procedure 
and  sample  manipulation,  with  emphasis  on 
most  likely  sources  of  error;  cell  blank  and, 
in  the  case  of  infrared,  cell  thickness  deter- 
mination; instrument  response  and  back- 
ground energy  characteristics;  instrument 
settings  for  making  the  determination;  pro- 
cedure for  measuring  peak  intensity  and  for 
the  mathematical  or  graphical  conversion  of 
this  intensity  to  the  desired  analytical  re- 
sults. One  of  the  most  useful  and  trustworthy 
over-all  checks  is  the  analysis  of  a  standard 
with  every  sample  or  at  several  intevals 
throughout  the  day. 

In  most  cases  auxiliary  equipment  would 
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include  sample  cells  and  dry  storage  units 
for  them;  hypodermic  syringes  for  conven- 
ient cell-filling;  solvents  for  cell-cleaning  and 
sample  dilution;  volumetric  glassware  and 
an  analytical  balance  if  needed  for  the  spe- 
cific analyses  in  question.  A  laboratory 
limited  to  routine  control  work  will  need 
only  those  reference  spectra  which  pertain 
to  the  analysis  on  hand. 

The  spectroscopic  laboratory  which  offers 
analytical  services  to  a  research  organization 
will  require  better  trained  and  more  versatile 
personnel  than  the  control  laboratory.  There 
should  be  a  large  proportion  of  college- 
trained  chemists  on  the  staff.  It  is  a  truism 
that  each  specialized  area  of  spectroscopy 
should  be  the  direct  responsibility  of  a  strong 
advocate  of  that  field  who  knows  fully  the 
theoretical  limitations  of  its  application  and 
acknowledges  no  other  limitations.  The  con- 
viction that  it  is  possible  to  obtain  a  given 
sensitivity  or  characterization  appears  essen- 
tial for  the  painstaking  attention  to  detail 
necessary  for  development  of  refined  pro- 
cedures. At  the  same  time,  each  specialist 
should  be  well  enough  informed  about  the 
other  available  spectrometers  and  about 
chemical  methods  of  analysis  to  avoid  doing 
something  the  hard  way.  If  the  staff  mem- 
bers do  not  have  an  adequate  technical  back- 
ground, university  short  courses  or  courses 
by  the  instrument  manufacturers  are  helpful. 

Management  responsibility  for  an  analyt- 
ical spectroscopic  laboratory  must  include  a 
systematic  way  of  handling  repetitive  sam- 
ples and  a  flexible  procedure  for  keeping  the 
practicing  spectroscopists  close  to  the  re- 
search programs  on  which  their  services  are 
to  be  required.  It  should  encourage  research- 
mindedness  on  the  part  of  the  analyst. 
Faced  with  a  spectrum,  a  spectroscopist 
must  ask  himself  the  right  questions  before 
he  can  arrive  at  correct  answers.  These 
questions  must  arise  from  his  familiarity 
with  the  problem  to  be  solved.  This  need 
for  an  understanding  by  the  spectroscopist 
of  the  research  problem  which  requires  spec- 


troscopic data  arises  at  the  beginning  of  the 
planned  research  program.  If  the  spectros- 
copist studies  the  problem  and  helps  direct 
the  research  along  lines  amenable  to  solution 
by  his  resources,  the  chances  for  solution  of 
the  problem  are  optimum. 

It  may  not  appear  obvious  why  this  ad- 
vance consultation  is  important  when  "all 
that  is  needed  is  an  analysis."  Consider  a  new 
synthesis  product  which  has  been  submitted 
for  infrared  analysis.  The  submitter  wants  to 
know  if  it  is  pure.  The  spectroscopist  may 
confirm  from  functional  groups  present  that 
the  spectrum  is  consistent  with  the  antici- 
pated structure.  He  may  note  the  absence  of 
possible  contaminating  structures.  He  may 
even,  if  the  compound  happens  to  be  one 
with  sharp  symmetrical  peaks  with  few 
shoulders  and  little  broad  absorption,  be  able 
to  say  that  the  spectrum  gives  a  fairly 
"clean"  appearance  as  if  the  compound  were 
pure.  These  comments  would  be  the  limit 
of  his  analysis.  If,  on  the  other  hand,  he  is 
consulted  in  advance,  he  will  recommend 
submission  for  analysis  of  the  starting  mate- 
rial and  any  chemicals  used  which,  from 
physical  properties,  might  still  be  expected 
to  be  present;  he  will  ask  for  samples  of  the 
product  at  intermediate  steps;  and  he  will 
want  some  of  the  final  product  at  various 
stages  of  purification.  From  these  samples  he 
will  be  able  to  establish  the  wavelengths  of 
characteristic  absorption  of  any  of  the  likely 
impurities  and  report  on  their  absence  in 
the  final  purified  product.  The  intermediates 
or  products  of  side  reactions  may  have  func- 
tional groups  in  common  with  the  desired 
compound  and  escape  detection  unless  such 
step-wise  spectra  are  obtained  so  that  "fin- 
gerprinting" bands  can  be  used.  The  chem- 
ist must  be  alerted  by  the  spectroscopist  to 
save  samples  from  the  various  synthesis 
steps  or  this  kind  of  analysis  will  not  be  pos- 
sible. 

Basic  instruments  for  a  versatile  analyt- 
ical laboratory  should,  as  a  Tnininmrn,  cover 
ultraviolet  and  visible,  and  the  sodium 
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chloride  (2  to  15  micron)  region  of  the  in- 
frared. Spectrometers  designed  to  cover 
ultraviolet,  -visible  and  the  near  infrared 
region  (to  3  microns)  are  available  as  a  single 
unit  and  would  provide  good  flexibility.  If  an 
infrared  prism  material  other  than  sodium 
chloride  is  desired  for  some  special  purpose, 
it  is  most  practical  to  have  two  infrared 
spectrometers  so  that  service  in  the  sodium 
chloride  region  is  not  disrupted.  The  second 
infrared  spectrometer  can  then  be  used  al- 
ternately with  lithium  fluoride  or  calcium 
fluoride  optics  for  improved  resolution  in  the 
higher  frequency  regions  or  with  potassium 
bromide  or  cesium  bromide  optics  for  exten- 
sion of  the  spectrum  to  25  or  35  microns, 
respectively.  For  most  identification  work 
and  quantitative  analyses  the  sodium  chlo- 
ride region  is  the  most  valuable,  and  primary 
importance  should  be  attached  to  obtaining 
good  instrumentation  there.  It  is  seldom 
that  either  the  high  resolution  obtainable 
from  grating  spectrometers  or  the  special 
information  available  from  Raman  spectra 
is  needed  in  the  analytical  service  labora- 
tory. 

Instruments  for  the  analytical  laboratory 
should  be  selected  for  reliable  performance 
and  ease  of  operation.  Automatic  recording 
spectrometers  which  present  the  spectrum 
already  compensated  for  all  variables  except 
sample  absorption  are  especially  desirable. 
At  the  present  time  this  seems  to  be  most 
simply  achieved  by  double-beam  spectrom- 
eters. Standard  accessories  described  in  liter- 
ature of  spectrometer  manufacturers  will 
generally  fill  analytical  requirements. 

Routine  laboratory  preparedness  should 
include: 

1.  Daily  spectrometer  performance  checks 

2.  Periodic  cell  blank  determinations 

3.  Periodic  cell  thickness  determinations 
for  infrared  cells 

4.  Blanks  on  solvents 

5.  A  spectrum  reference  file 

6.  Log  books  on  instrumentation  and  on 
samples 
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7.  A  file  of  descriptions  of  analytical  pro- 
cedures so  that  repetitive  samples  are  rou- 
tinely handled 

The  spectral  reference  file  and  cell  thick- 
ness determinations  are  special  to  spectros- 
copy  laboratories  and  are  considered  here  in 
datail: 

Spectrum  Reference  File.  A  good  spectrum 
reference  library  for  a  versatile  analytical 
laboratory  follows  in  importance  only  the 
personnel  and  spectrometers.  With  a  good 
accessible  file,  the  spectroscopist  can  tell  im- 
mediately which  analyses  of  mixtures  are 
feasible  and  what  bands  should  be  used.  He 
can  predict  fairly  well  the  probable  accuracy 
of  the  analysis  with  no  delay  for  laboratory 
work.  He  can  positively  identify  any  of  the 
thousands  of  compounds  for  which  he  has 
infrared  reference  spectra  and  give  an  order- 
of -magnitude  assessment  of  purity.  He  can 
line  up  the  spectra  of  compounds  with  some 
particular  combination  of  structures  that  are 
expected  in  a  new  compound  and  use  these 
spectra  as  a  basis  for  interpretation  of  a  new 
synthesis  product.  The  immediate  applica- 
tions that  a  spectroscopist  can  make  of  his 
equipment  are  limited  to  the  reference  data 
that  he  has  available.  He  can,  as  needed,  ob- 
tain his  own  reference  spectra  but  this  is  a 
costly,  delaying  approach  compared  to  hav- 
ing the  spectra  already  on  hand. 

Reference  spectra  appear  in  the  technical 
journals  and  in  far  greater  numbers  in  com- 
mercially available  sets.  Briefly,  these  sets 
are  published  by  The  American  Petroleum 
Institute,  Sadtler  Research  Laboratories, 
The  National  Bureau  of  Standards,  Docu- 
mentation of  Molecular  Spectra  by  Butter- 
worth's  Scientific  Publications  and  Verlag 
Chemie  and  The  Coblentz  Society  Spectrum 
Collection.  Descriptions  of  all  but  the  latter 
are  summarized  in  Applied  Spectroscopy, 
Vol.  11,  No.  2,  p.  108. 

Data  retrieval  from  the  spectrum  sets  is 
achieved  in  various  ways:  IBM  data  cards 
produced  by  the  American  Society  of  Test- 
ing Materials  furnish  a  means  of  machine 
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sorting  all  of  the  spectra  in  the  periodicals 
as  well  as  the  various  spectrum  catalogs. 
Each  system  supplies  empirical  formula 
and/or  alphabetical  lists  of  the  spectra.  The 
Sadtler  Laboratories  publishes  a  Spec-Finder 
which  is  essentially  a  notebook  index  of  the 
spectra  according  to  major  absorption  bands. 
The  National  Bureau  of  Standards  and  Doc- 
umentation of  Molecular  Spectra  sets  are 
available  on  punched  needle-sort  cards. 

Each  of  these  retrieval  techniques  is  very 
useful  in  certain  types  of  applications.  A 
diversified  laboratory  will  probably  require 
more  than  one  system  for  its  many  types  of 
problems.  A  filing  system  favored  by  many 
spectroscopists  consists  of  categories  derived 
from  chemical  structure  and,  therefore,  spec- 
tral characteristics.  Such  a  system  groups 
together  closely  related  spectra  and  relies 
on  the  spectroscopists  to  recognize  the 
compound  class  from  the  spectrum  for  re- 
trieval of  reference  data.  This  is  an  ex- 
traordinarily useful  arrangement  for  the 
principal  compound  classes.  It  becomes  un- 
wieldy, or  requires  multiple  copies  of  spec- 
tra for  cross-filing  for  complex  molecules 
with  several  different  functional  groups. 

There  is  an  important  gap  in  the  literature 
on  molecular  spectra.  For  example,  infrared 
spectra  of  only  about  25,000  compounds 
have  been  published.  This  is  a  small  propor- 
tion of  the  more  than  one  million  known 
organic  molecules.  Even  fewer  ultraviolet 
and  Raman  spectra  are  published. 

Sample  Cells.  Cells  for  ultraviolet  and 
visible  spectra  are  usually  one  centimeter 
long  and  are  provided  constructed  accurately 
by  the  manufacturer.  Infrared  absorption 
cells  are  commonly  made  of  sodium  chloride 
for  use  in  the  2  to  15  micron  region.  The 
thickness  of  the  sample  space  for  liquid 
samples  and  solutions  is  most  commonly 
0.01-0.50  mm,  although  it  may  range  from 
0.001  nnn-5.0  cm  for  special  applications. 
Cell  thickness  can  be  measured  from  inter- 
ference fringe  patterns  obtained  by  running 
a  spectrum  of  an  empty  cell  (Trans.  Fara- 


day Soc.,  14,  171  (1945).  The  thickness  is 
calculated  from  the  following  formula: 


thickness  in  microns  =  — 


2  (Xi  -  X2) 

where  n  =  number  of  fringes  between  wave- 
lengths Xi  and  X2 . 

This  determination  is  applicable  only 
when  the  cell  windows  are  plane  and  parallel. 
Any  irregularities  in  the  cell  windows  which 
affect  the  cell  thickness  will  not  be  taken  into 
account.  Too,  cells  change  thickness  during 
use  and  damaged  cells  often  will  not  provide 
interference  patterns.  The  relative  thick- 
ness of  cells  used  in  a  laboratory  is  the 
critical  value  from  the  standpoint  of  quanti- 
tative analysis.  A  practical  means  of  main- 
taining a  relative  calibration  of  the  cells 
which  is  more  accurate  quantitatively  than 
interference  determinations  is  as  follows: 
For  all  new  cells  determine  thicknesses  by 
interference  measurements.  Then  run  a 
spectrum  of  some  convenient  liquid  like 
2,2,4-trimethylpentane  under  standardized 
instrument  conditions  in  each  cell.  Select 
bands  in  the  favorable  intensity  range  for 
accurate  quantitative  measurements,  about 
0.2-0.7  optical  density,  and  measure  them 
for  all  cells.  Construct  calibration  curves  of 
optical  density  vs.  thickness  as  determined 
by  interference  fringes  for  several  bands  of 
different  intensities.  The  strongest  bands  will 
be  useful  for  the  thinnest  cells.  These  curves 
can  be  used  to  provide  precise  calibration  of 
quantitatively  effective  thickness  of  all 
future  cells  just  from  a  measurement  of  the 
spectrum  of  the  selected  liquid  in  the  cell. 
This  standardized  system  for  maintaining 
cell  thickness  data  will  save  many  times  over 
the  time  necessary  for  establishing  the  cali- 
bration data. 

The  physical  layout  of  the  laboratory 
should  provide  enough  area  for  the  spectrom- 
eters to  be  accessible  from  all  directions  for 
servicing;  stable  electrical  service;  dust-free, 
constant  temperature,  low  humidity  (below 
40%  RH)  atmosphere;  sample  handling 
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facilities  including  hoods  for  work  with  sol- 
vents, vacuum  drying  apparatus,  gas-han- 
dling equipment,  press  for  making  pellets; 
and  accessory  items  commonly  needed  to 
provide  for  reflectance  measurements,  polari- 
zation studies,  and  micro-samples.  In  con- 
junction with,  or  included  in  the  spectro- 
scopic  facilities  should  be  equipment  for 
sample  fractionation:  chromatography,  dis- 
tillation and  extraction. 

The  spectroscopic  research  laboratory  will 
require  the  same  facilities,  generally,  as  the 
diversified  analytical  laboratory.  In  addition, 
flexible  spectrometers  which  adapt  readily 
to  changes  in  optical  path,  sources  and  de- 
tectors are  valuable.  The  research  personnel 
require  backgrounds  in  chemistry  and  physics 
with  special  emphasis  on  molecular  struc- 
ture, organic  reactions,  analytical  chemistry, 
micro  and  gas  techniques  and  electronics. 

Special  information  provided  by  nuclear 
magnetic  resonance,  para-magnetic  reso- 
nance and  Raman  spectroscopy  should  be 
considered  as  possible  inclusions  for  the 
large  spectroscopic  research  laboratory. 

CLARA  D.    SMITH 

LONG-CHAIN  FATTY  ACIDS 

Fatty  acids  are  substances  with  the  gen- 
eral structural  formula  CH8(CH2)nCOOH, 
in  which  n  is  any  integer  from  one  to  infinity. 
Biologically  important,  these  monocarbox- 
ylic  acids  occur  naturally  as  esters  of  mono- 
or  polyhydric  alcohols,  especially  of  glycerin 
(tri-esters  of  which  are  called  fats).  Butyric 
acid,  CHs(CH2)2COOH,  and  stearic  acid, 
CH8(CH2)iftCOOH,  are  two  of  the  most 
common  normal  aliphatic  acids. 

Almost  without  exception,  natural  fatty 
acids  occur  in  mixtures  with  homologs,  usu- 
ally those  in  which  the  chain  differs  by  two 
or  four  methylene  groups.  Because  the 
methylene  chain  is  relatively  inert,  homol- 
ogous fatty  acids  differ  but  little  from  each 
other  in  chemical  and  physical  properties, 
and  they  are  difficult  to  separate  and  to 
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prove  pure.  Almost  any  measurable  property 
of  a  single  fatty  acid  can  be  closely  matched 
by  one  or  more  appropriate  mixtures  of 
homologs.  Infrared  spectroscopy  can  offer 
the  least  ambiguous  identification  of  an  un- 
known fatty  acid,  but  the  special  properties 
of  this  family  of  compounds  must  be  taken 
into  consideration. 

Fatty  acid  molecules  exist  in  the  liquid 
and  solid  states  almost  exclusively  as  dimers 
with  pairs  of  molecules  held  together  by 
mutual  hydrogen  bonding  of  their  carboxyl 
groups.  In  the  crystal,  the  zig  zag  methylene 
chain  is  constrained  to  lie  in  a  single  plane. 
However,  in  the  molten  state  or  in  solution 
the  chain  may  twist  about  one  or  more 
C — C  bonds,  so  that  each  fatty  acid  mole- 
cule is  likely  to  wriggle  into  a  conformation 
somewhat  different  from  those  of  its  neigh- 
bors. Infrared  and  X-ray  studies  reveal  that 
on  heating  a  fatty  acid  crystal  to  within  a 
few  degrees  below  its  melting  point,  some 
conformational  isomerism  occurs.  After 
melting,  virtually  no  chains  remain  planar. 
In  an  orderly  crystal,  certain  sharp  infrared 
bands  appear  which  are  characteristic  of  the 
individual  fatty  acid.  These  bands  happen 
also  to  be  sensitive  to  the  shape  of  the  chain. 
In  a  molten  sample,  these  sharp  bands  are 
replaced  by  broad  contours,  indicating  that 
the  distribution  of  chain  shapes  is  relatively 
independent  of  chain  length. 

About  a  dozen  infrared  bands  characterize 
a  specimen  as  a  member  of  the  fatty  acid 
family.  These  group  vibrations  are  produced 
by  simple  functional  groups  with  little  in- 
fluence from  the  rest  of  the  molecule.  They 
are  listed  as  follows: 

3500-3000  cm-1  0— H  stretching  (broadness 
shows  strong  hydrogen  bond- 
ing) 

2964  C— H  asymmetrical  stretching  of 

CH8 

2926  C — H  asymmetrical  stretching  of 

CHi 

2872  C — H  symmetrical  stretching  of 

CH» 
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2853 

1710 
1460 
1410 

1372 
1300 

940 
720 


C — H  symmetrical  stretching  of 
CH8 

O-O  stretching 

CHs  bending 

CHs  bending  of  methylene  ad- 
jacent to  COOH 

CH8  symmetrical  bending 

C— 0  stretching  coupled  with 
0— H  in  plane  bending 

O — H  bending  out-of -plane 

CHs  rocking  of  four  or  more 
consecutive  methylenes 


In  solution  or  molten  sample,  most  fatty 
acids  have  virtually  the  same  spectrum,  for 
the  above-mentioned  bands  are  the  only 
well-defined  ones.  This  anonymity  of  homo- 
logs  is  a  characteristic  peculiar  to  long-chain 
compounds.  In  the  spectra  of  most  other 
compounds,  "fingerprint"  bands  are  present 
which  are  sensitive  to  nuances  of  molecular 
structure  and  confer  uniqueness  upon  each 
infrared  spectrum.  However,  most  other 
compounds  have  their  functional  groups 
close  enough  to  influence  each  other,  and 
their  molecular  geometries  remain  relatively 
constant  in  transitions  between  physical 
states.  Long-chain  compounds,  on  the  other 
hand,  undergo  great  changes  in  shape  in  the 
random  environment  of  a  liquid,  and  the 
functional  groups  at  the  chain  ends  have 
little  influence  on  each  other  because  of  the 
large  separation. 

In  contrast  to  the  paucity  of  detail  shown 
in  the  spectra  of  liquefied  fatty  acids,  the 
same  compounds  when  crystalline  present 
additional  sharp  "fingerprint"  bands  which 
can  distinguish  homologs.  However,  these 
infrared-active  vibrations  are  so  sensitive  to 
physical  state  that  they  vary  in  intensity 
and  frequency  with  slight  changes  in  crystal 
structure. 

Fatty  acids  frequently  possess  more  than 
one  crystal  form,  a  property  which  is  called 
polymorphism.  The  infrared  spectrum  of 
each  form  is  distinctive,  so  that  superim- 
position  of  the  spectra  of  unknown  and 
known  specimens  demonstrates  identity  not 
only  of  the  molecules  but  also  of  the  crystal 


lattice.  Sometimes  the  spectra  differ  in  slight 
detail  because  of  failure  to  achieve  well- 
defined  crystal  forms,  or  because  of  crystal 
orientation  effects;  but  ordinarily  specimens 
carefully  prepared  in  the  same  way  will  yield 
identical  spectra.  Should  discrepancies  arise, 
several  correlation  methods  which  are  to  be 
described  below  may  be  helpful. 

The  additional  bands  possessed  by  crystal- 
line fatty  acids  are  relatively  weak,  and  fall 
into  two  main  categories:  (1)  the  C — C — C 
skeletal  modes  which  cover  the  broad  range 
from  725-1150  cm"1  and  differ  from  each 
other  greatly  in  intensity,  and  (2)  the  CH2 
wagging  modes,  restricted  to  the  range  1180- 
1360  cm."1,  which  tend  to  be  rather  uniform 
in  spacing  and  intensity.  The  latter  group  of 
bands  is  common  to  long-chain  aliphatic 
compounds,  and  each  set  of  bands  is  called 
a  band  progression.  In  both  1  and  2,  it  is  the 
coupling  of  many  identical  units  vibrating  in 
the  same  mode  that  tends  to  create  just  as 
many  bands  differing  from  each  other  pe- 
riodically in  frequency.  This  coupling  is 
sensitive  to  CH2  chain  length,  the  end 
groups,  and  steric  effects. 

The  task  of  distinguishing  homologous 
fatty  acids  other  than  by  spectral  superim- 
position  is  essentially  one  of  determining  the 
length  of  the  methylene  chain.  One  method 
is  based  on  the  fact  that  the  molar  absorp- 
tion intensity  of  the  2850  cm"1  band  (C— H 
stretch  of  CH2  group)  is  directly  proportional 
to  the  number  of  CH2  units  in  the  molecule. 
This  method  requires  precise  measurement 
to  distinguish  the  Cw  from  the  Cu  fatty  acid 
and  is  best  done  on  solutions.  To  avoid  the 
task  of  quantitative  preparation  of  the  solu- 
tion, the  intensity  of  the  2872  cm"1  band  of 
the  single  CH8  group  may  be  used  as  an  in- 
ternal standard.  A  false  result  may  be  ob- 
tained because  a  mixture  of  homologs  may 
yield  an  average  chain  length  corresponding 
to  none  of  the  actual  components.  Also,  an 
impure  sample  may  seem  to  be  the  wrong 
homolog.  This  method  of  identification 
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therefore  has  little  to  offer  except  perhaps 
to  supplement  other  data. 

Two  other  methods,  the  Average  Spacing 
method  and  the  Rule  of  Two  are  available 
for  identifying  fatty  acids,  and  both  utilize 
the  band  progressions.  For  the  fatty  acids, 
these  bands  are  limited  to  the  1178-1360 
cm-1  range,  and  the  number  of  bands  in 
each  progression  increases  with  the  num- 
ber of  methylene  groups.  Theoretically,  one 
band  should  exist  for  each  CEk,  and  the 
spacing  between  bands  should  vary.  In  real- 
ity, the  full  number  of  bands  exists,  but  they 
are  arranged  in  pairs  of  irregularly  but 
closely  spaced  bands  which  apparently 
merge  into  single  bands  that  are  uniformly 
separated.  The  more  bands  in  the  progres- 
sion, the  smaller  the  average  spacing  be- 
tween bands.  The  Average  Spacing  method 
therefore  relates  the  average  band  interval 
to  the  chain  length,  and  the  Rule  of  Two 
counts  the  number  of  bands  within  a  spec- 
ified frequency  limit. 

In  the  Rule  of  Two  method,  the  progres- 
sion bands  between  1178  and  1347  cm""1  are 
counted,  and  the  total  number  of  carbons  in 
the  chain  is  twice  the  number  of  bands. 
The  1347  cm"1  limit  is  arbitrary,  for  pro- 
gression bands  are  actually  observed  up  to 
1360  cm"1,  but  the  simplicity  of  the  rule 
permits  tentative  identification  of  fatty  acids 
until  reference  spectra  can  be  obtained.  Odd 
chain  length  fatty  acids  have  the  same  num- 
ber of  progression  bands  as  the  next  lower 
homolog  except  that  for  the  odd  chain  all 
the  progression  bands  are  shifted  to  slightly 
lower  frequencies.  The  stronger,  broader 
1300  cm-1  band  produced  by  the  — COOH 
group  sometimes  makes  the  progression 
bands  less  apparent,  particularly  when  thfe 
specimen  is  poorly  crystallized,  and  then  the 
simple  Rule  of  Two  is  difficult  to  apply. 

The  Average  Spacing  method,  in  which 
the  fairly  uniform  intervals  between  adja- 
cent bands  are  measured  and  the  average 
calculated,  gives  a  number  sufficiently  differ- 
ent for  each  homolog  to  distinguish  it  from 
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the  others.  Furthermore,  it  is  not  necessary 
to  resolve  the  complete  set  of  progression 
bands  although  the  more  that  are  measured 
the  more  precise  the  calculated  average  spac- 
ing becomes.  Odd  chain  lengths  fit  right  on 
the  curve  relating  spacing  and  chain  length. 
A  table  of  experimentally  found  average 
spacings  is  given  below. 

Fatty  Acid  Chain  Length         Frequency  Difference  in  cnr1 


Cio 

Ci2 

Cl3 
Cl4 

C16 

Cie 

Ci7 

Cw 

CM 


C26 

c* 

Ca> 


34 
28 
26 
24 
22 

20.4 
19.5 
18.0 
17.3 
16.0 
14.6 
13.5 
12.8 
11.1 
10.7 
9.2 


Interpolation  can  be  used  to  identify  inter- 
mediate homologs. 

Fatty  acid  specimens  need  not  be  espe- 
cially pure  in  order  to  present  sharp  progres- 
sion bands.  In  fact,  a  1:1  solid  solution  of 
two  fatty  acids  yields  a  jumble  of  bands 
that  are  seen  to  be  the  two  over-lapping 
band  progressions.  This  is  surprising,  con- 
sidering that  mixed  dimers  are  present  along 
with  matched  dimers.  That  the  carboxyl 
group  effectively  shields  the  chain  from  the 
moiety  on  the  opposite  side  is  brought  out 
by  the  identical  band  progressions  found  in 
the  various  alkyl  stearates.  Planarity  of  the 
chain  is  perhaps  the  most  important  factor 
in  obtaining  sharp,  consistent  band  progres- 
sions, and  so  the  sample  must  be  well  crys- 
tallized. In  this  respect,  the  Nujol  mull 
technique  is  quite  satisfactory  and  most 
convenient.  In  solid  film  preparations,  crys- 
talline orientation  may  alter  band  intensities 
somewhat,  and  too  rapid  cooling  may  give 
rise  to  mixed  crystalline  forms.  The  KBr 
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pellet  technique  yields  the  sharpest  spectra, 
the  pressing  having  no  apparent  effect  on 
crystal  form,  although  the  heat  resulting 
from  too  vigorous  mixing  should  be  avoided. 
The  superimposition  of  well-defined  infra- 
red spectra  of  crystals  affords  the  best  means 
of  identification  of  a  fatty  acid,  but  many 
workers  will  not  have  ready  access  to  a 
comprehensive  library  of  spectra.  In  this 
case,  the  application  of  one  or  more  of  the 
above-described  correlations  to  the  exami- 
nation of  the  unknown  spectrum  can  provide 
a  tentative  identification  which  will  sim- 
plify the  task  of  finding  the  matching  refer- 
ence spectrum.  The  quantitative  comparison 
of  absorption  intensities  of  bands  due  to 
methylene  and  methyl  groups  has  the  ad- 
vantage of  not  requiring  a  crystalline  speci- 
men, but  this  method  is  not  very  useful 
because  it  may  yield  a  false  result  for  an 
impure  sample.  This  risk  is  minimized  with 
the  other  two  methods,  but  they  require 
carefully  crystallized  specimens.  Of  these 
the  Rule  of  Two  is  slightly  easier  to  apply, 
but  it  is  hard  to  distinguish  between  an 
even-chain  fatty  acid  and  its  next  longer 
odd-chain  homolog.  The  Average  Spacing 
correlation  is  the  most  useful  of  the  three, 
for  the  measurement  is  simple,  and  the 
graph  of  the  spacings  for  both  odd  and  even 
fatty  acids  versus  chain  lengths  yields  a 
single  smooth  curve. 
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SANPORD  M.  ARONOVIC 

LONG-PATH  SPEaROPHOTOMETRY 

The  spectral  region  of  particular  interest 
(1-15  microns)  which  is  associated  with 
molecular  vibrational  and  rotational  motions 
of  atomic  and  molecular  sub-groups  of  the 
total  molecule  has  been  used  in  chemical 
analyses  for  measuring  the  presence  and  con- 
centration of  gases  and  vapors  in  trace 
amounts  [parts  per  million  by  vol.  (ppm)]. 

The  key  component  of  a  spectrophotom- 
eter  for  long-path  studies  is  a  multireflection 
absorption  cell.  The  design  initiated  by  John 
U.  White  in  1942  has  served  as  the  founda- 
tion for  the  most  significant  developments  in 
this  field  for  laboratory  type  research  and 
analysis.  However,  important  work  has  been 
carried  out  with  direct  long-paths  in  tubes  or 
pipes  as  well  as  in  the  open  atmosphere. 

The  basic  scheme  of  the  cell  involves  three 
spherical  mirrors  all  of  equal  radii  of  curva- 
ture. Two  are  large  mirrors  (^12  inch  di- 
ameter) which  are  mounted  at  one  end  of  the 
cell  with  their  centers  of  curvature  on  the 
surface  of  a  smaller  spherical  mirror  mounted 
at  the  other  end  of  the  cell.  The  center  cur- 
vature of  this  small  mirror  is  between  the 
two  large  mirrors  and  in  the  plane  of  their 
surfaces.  An  external  spherical  mirror  forms 
an  image  of  the  radiation  source  just  off  the 
edge  of  the  small  mirror.  The  beam  then 
diverges  to  fill  the  first  of  the  two  large 
mirrors.  This  mirror  forms  an  image,  on  the 
surface  of  the  small  mirror,  symmetrically 
placed  about  the  center  of  curvature  of  this 
large  mirror.  The  small  mirror  in  turn  re- 
flects the  beam  to  fill  the  second  large  mirror. 
This  mirror  forms  an  image  of  the  source  just 
off  the  edge  of  the  small  mirror  so  that  the 
beam  exits  from  the  cell.  By  decreasing  the 
separation  between  the  centers  of  curvature 
of  the  two  large  mirrors  any  integral  of  four 
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TABLE  1.  CONCENTRATIONS  AND  WAVELENGTHS  AT 
WHICH  VARIOUS  GASES  AND  VAPORS  MAY  BE 
MBASUEED  BY  AVAILABLE  SPECTROMETER 
SYSTEMS. 


Compound 

Wavelength 
at  which 
Compound 
is  Measured 

Lower 
Practical 
Measuring 
Limit 
(ppm) 

nitrous  oxide 

4.50 

0.20 

nitric  oxide 

5.25 

0.50 

nitrogen  dioxide 

6.15 

0.15 

n-butyl  nitrite 

12.72 

0.05 

ethyl  nitrite 

10.78 

0.25 

12.80 

0.05 

acetyl  nitrate 

8.64 

0.02 

12.56 

0.02 

ethyl  nitrate 

11.75 

0.02 

ketene 

4.65 

0.25 

carbon  dioxide 

2.80 

10.0 

4.37 

5.0 

13.95 

10.0 

carbon  monoxide 

4.62 

0.15 

ozone 

9.52 

0.10 

propylene  oxide 
formaldehyde 

12.00 
3.60 

0.30 
0.25 

water 

6.65 

100.0 

acetone 

8.25 

0.10 

acetaldehyde 

5.62 

0.20 

propionaldehyde 

5.62 

0.20 

methyl  alcohol 

9.72 

0.15 

methyl  ethyl  ketone 
ethyl  alcohol 

8.56 
9.40 

0.15 
0.15 

ethylene  oxide 

11.51 

0.30 

acrolein 

5.85 

0.20 

10.50 

0.30 

trichloroethylene 

10.62 

0.05 

11.81 

0.05 

tetracloroethylene 

10.98 

0.03 

12.85 

0.03 

xylene 

13.05 

0.30 

cyclohexane 

3.42 

0.05 

methane 

7.68 

0.25 

isooctane 

3.38 

0.10 

3-methyl  pentane 

3.41 

0.15 

n-pentane 

3.41 

0.15 

acetylene 

13.74 

0.05 

ethylene 

10.57 

0.15 

isobutene 

11.28 

0.10 

butene-1 

3.40 

0.30 

11.00 

0.30 

2-ethyl  butene-1 

11.22 

0.25 

trans-2-butene 

10.42 

0.20 

2,3-dimethyl  2-butene 

3.44 

0.15 

propylene 

11.00 

0.15 

1,3-butadiene 
diisobutylene 

11.04 
11.20 

0.20 
0.15 

cyclohexene 

3.42 

0.15 

isoprene 

11.08 

0.10 

2,3-dimethyl-l  ,3-butadiene 

11.22 

0.05 

1,5-hexadiene 

10.98 

0.10 

2-methyI  trans  2-butene 

3.45 

0.25 

12.50 

0.50 

3-heptene 

3.40 

0.15 

cyclooctadiene 

3.32 

0.25 

3.47 

0.25 

1,3-pentadiene 

11.08 

0.20 

passes  can  be  obtained.  If  the  base  path 
length  is  X  meters  (i.e.,  the  radius  of  curva- 
ture of  the  mirrors  is  X  meters)  and  one 
obtains  n  passes  the  total  path  length  is  nX. 
In  this  manner  path  lengths  up  to  800  meters 
have  been  achieved  with  this  type  of  cell. 

Experience  with  these  cells  has  shown  that 
atmospheric  water  vapor  and  carbon  dioxide 
do  not  prohibit  useful  atmospheric  analysis 
although  they  do  make  some  regions  of  the 
infrared  spectrum  unusable  and  present 
difficulties  in  others. 

The  spectrum  as  it  appears  with  several 
hundred  meters  of  air  of  normal  humidity  is 
as  follows:  Absorption  is  total  in  the  carbon 
dioxide  and  water  bands  at  about  2.9  mi- 
crons but  the  air  is  sufficiently  transparent 
at  3.4  microns  so  that  weak  CH  absorption 
can  be  detected  This  is  especially  true  if  a 
calcium  fluoride  prism  is  used.  The  region 
from  3.4  to  about  3.9  microns,  where  char- 
acteristic aldehyde  absorptions  appear,  is 
completely  free  of  water  and  carbon  dioxide 
absorptions.  Absorption  is  total  in  the  4.3 
micron  band  of  carbon  dioxide  but  the  at- 
mosphere is  sufficiently  transparent  to  reveal 
the  carbon  monoxide  band  at  4.66  microns. 
The  absorption  of  naturally  occurring  ni- 
trous oxide  at  4.5  microns  cannot  be  seen 
unless  some  of  the  atmospheric  carbon  di- 
oxide is  removed.  The  carbonyl  region  is 
opaque  at  hundreds  of  meters  path-length 
but  some  energy  is  detectable  in  the  center 
of  the  6  micron  water  band.  Between  about 
7.2  and  8  microns  usable  energy  is  trans- 
mitted although  the  water  band  is  still 
strong.  Between  8  and  9  microns  the  water 
band  is  troublesome,  but  not  a  serious  inter- 
ference. The  region  9  to  12  microns,  where 
ozone,  methanol,  formic  acid,  and  many 
other  absorbers  have  their  strongest  bands, 
is  nearly  free  of  interfering  absorptions.  Be- 
yond 12  microns  the  water  and  carbon  di- 
oxide bands  gradually  increase  in  strength. 
The  strong  and  characteristic  acetylene  band 
at  13.7  microns  is  about  the  last  useful  band 
detectable.  The  15  micron  carbon  dioxide 
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band  makes  the  air  opaque  beyond  about  14 
microns. 

The  use  of  double-beam  spectrometers, 
which  makes  possible  dual  multireflection 
long  path  cell  operation,  has  reduced  the 
interferences  from  C02  and  H20  and  thus 
additional  wavelengths  for  analytical  pur- 
poses are  made  available.  Furthermore,  the 
use  of  scale  expansion  has  increased  the 
sensitivity  of  this  system  so  that  many  gases 
and  vapor  concentrations  in  the  ppm  range 
can  be  measured. 

The  infrared  absorption  spectrum  of  the 
earth's  atmosphere,  using  the  sun  as  the 
light  source,  revealed  the  presence  in  trace 
amounts  of  methane  (CHO  at  3.3/i,  nitrous 
oxide  (N20)  7.8/i,  and  carbon  monoxide  (CO) 
at  4.67/j,  deuterium  hydroxide  (EDO)  at 
3.67/i  and  ozone  at  9.6;*.  Horizontal  paths  up 
to  5000  yards  with  man-made  radiation 
sources  have  been  used  not  only  to  detect 
these  gases  in  the  lower  atmosphere,  but 
also  to  study  the  detailed  nature  of  absorp- 
tion bands  of  carbon  dioxide  (COz)  and 
water  (H20). 

It  is  now  possible  with  commercially  avail- 
able spectrometer  systems  to  measure  con- 
centrations of  gases  and  vapors  as  shown  in 
Table  1. 
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In  the  analysis  of  liquid  samples  by  gas 
chromatography,  it  is  often  difficult  to  iden- 
tify the  different  fractions  as  they  emerge 
from  the  column.  Numerous  means  have 
been  used,  such  as  collecting  the  cuts  and 
measuring  their  absorption  spectra,  sam- 
pling the  effluent  continuously  with  an  ultra- 
violet or  a  mass  spectrometer,  or  making 
chemical  tests  on  collected  cuts.  Unfortu- 
nately, most  infrared  spectra  are  too  weak  to 
be  measured  directly  as  they  emerge  from 
the  column.  Two  ml  of  gas  charged  to  a 
column  just  gives  a  strong  enough  infrared 
spectrum  in  a  standard  10  cm  gas  cell  if 


it  is  a  single  component.  To  measure  the 
spectra  of  minor  components,  the  ratio  of 
path  length  to  cell  volume  must  be  increased 
in  proportion  to  dilution  of  the  components. 

A  multiple  traversal  absorption  cell  has 
been  built  for  this  purpose,  using  a  combi- 
nation of  White's1  mirror  system  with  the 
three  lens  beam  condenser  described  recently 
by  the  authors.2  Its  100  cm  path  in  22  ml  of 
volume  gives  it  a  ratio  of  length  to  volume 
of  4.5  cm  per  ml,  an  increase  of  50  to  100 
times  that  of  most  standard  10  cm  infrared 
absorption  cells. 

The  optical  arrangement  of  the  system  is 
shown  in  Figure  1  as  it  is  used  in  the  Beck- 
man  IR-5  and  IR-4  spectrophotometers.  It 
may  also  be  fitted  in  the  IR-6  spectrometer 
by  reversing  it  end  for  end.  The  two  lenses 
on  the  left,  LI  and  L2,  form  a  five-times 
reduced  image  of  the  slit  image,  S.  It  is  re- 
flected into  the  cell  through  the  window,  W, 
by  the  first  surface  of  the  prism,  P.  After 
leaving  the  cell,  the  image  of  the  slit  is  re- 
flected back  into  its  original  path  by  the 
second  surface  of  the  prism  and  remagnified 
to  its  original  size  by  the  third  lens,  L3.  The 
beam  condenser  has  been  modified  from  the 
one  that  was  described  previously  to  increase 
the  free  space  around  the  reduced  image  and 
to  make  room  for  the  reflecting  prism.  Inside 
the  cell  the  light  passes  close  to  the  edges  of 
the  single  mirror,  Ml,  to  the  first  of  the 
double  mirrors,  M2.  The  figure  shows  the 
simplest  arrangement  of  the  mirrors,  in 
which  the  light  is  reflected  from  M2  to  Ml, 
then  to  M3  and  finally  out  past  the  other 
edge  of  Ml,  giving  four  traversals  of  the 
space  between  the  mirrors.  By  readjusting 
the  double  mirrors,  the  number  of  traversals 
may  be  increased  to  24  without  serious  light 


The  cell  is  mounted  in  the  beam  condenser 
on  three  adjustable  screw  feet.  Figure  2 
shows  how  it  fits  between  the  two  right-hand 
lenses.  The  mounting  screws  are  accessible 
through  the  three  holes  in  the  top.  They 
extend  through  the  cell  housing  to  the  base 
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M2 


M3 


LI 


L3 


FIG.  1.  Optical  layout  of  microgas  cell  and  beam  condenser.  S,  slit  image;  LI,  L2,  L3,  lenses  of  beam 
condenser;  P,  diverting  prism;  W,  window  of  gas  cell;  Ml,  M2,  M3,  mirrors  of  gas  cell. 


FIG.  2.  Microgas  cell  in  beam  condenser. 


of  the  beam  condenser,  where  two  of  them 
rest  in  an  aligning  groove  and  the  third  in 
a  slow  motion  worm  operated  by  the  knob 
in  the  bottom  right  corner.  LI  is  at  the  left, 
L2  in  the  knurled  focusing  mount  in  the 
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middle  and  L3  behind  the  cell.  The  sample 
inlet  tube  is  the  small  one  in  the  lower 
right,  where  it  connects  to  the  small  end  of 
the  cell.  The  outlet  is  the  large  tube  on  the 
left.  The  other  two  tubes  are  the  ends  of  a 
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cooling  loop  soldered  to  the  outer  jacket  for 
circulating  air  or  water.  Inside  the  jacket  a 
removable  heater  winding  surrounds  the 
main  body  of  the  cell  containing  the  sample 
and  the  mirrors.  The  double  mirrors  are  at 
the  left,  just  ahead  of  the  exhaust  tube,  ad- 
justably mounted  on  six  screws  in  a  remov- 
able end  plate.  The  single  mirror  and  window 
are  at  the  right  near  the  middle  lens.  The 
cell  and  end  plate  are  clamped  together 
on  "Teflon"  gaskets  by  resiliency  mounted 
screws. 

The  cell  is  built  to  be  heated  to  250°C, 
where  it  is  limited  by  the  "Teflon"  gaskets. 
The  body  is"  Monel,"  fastened  with  stainless 
steel  screws.  The  glass  mirrors  should  be 
satisfactory  to  400°C  if  gold  coated;  the 
limit  of  the  aluminized  mirrors  in  different 
atmospheres  has  not  yet  been  ascertained. 
Thirty  watts  input  heats  it  to  a  steady  tem- 
perature of  about  145°C  in  an  hour  with  2.5 
c.f.m.  of  air  passing  through  the  cooling 
tube.  The  temperature  of  the  outer  jacket 
is  then  around  45°C. 

The  performance  of  the  cell  and  beam 
condenser  has  been  tested  in  an  IR-6  spec- 
trometer.8 At  13.5  microns  the  beam  con- 
denser had  a  transmission  of  60%.  When 
the  cell  was  put  in,  the  six  different  path 
length  settings  from  16.7  to  100  cm  were 
found  to  have  the  transmissions  listed  in 
Table  1.  No  extraneous  transmission  was 
observed  between  the  different  paths.  The 
variation  of  transmission  with  wavelength 
is  shown  in  the  upper  curves  of  Figure  3. 
The  top  curve  is  the  /o  of  the  spectrometer 
without  the  beam  condenser,  the  middle  one 
the  transmission  of  the  beam  condenser 
alone,  and  the  lower  one  the  transmission  of 
the  beam  condenser  and  gas  cell  set  for 
100-cm  path  length.  In  the  lower  two  spectra 
the  amplification  of  the  spectrometer  was 
increased  by  a  factor  of  three  to  make  up 
for  the  losses  at  the  1-meter  path  length. 
The  middle  spectrum  is  that  of  0.16  ml  of 
propane  blown  into  the  cell  with  air.  The 
3.4  micron  C — H  band  is  almost  completely 


TABLE  1.  OPTICAL  PERFORMANCE  OF  MICBOGAS 
CELL  AT  13.5  MICRONS 


Travesals 

Path  Length, 
cm. 

Transmission  of 
Gas  Cell,  % 

Transmission  of 
Beam  Condenser 
and  Gas  Cell,  % 

4 

17 

82 

52 

8 

33 

78 

48 

12 

50 

73 

45 

16 

67 

68 

42 

20 

83 

59 

37 

24 

100 

50 

30 

black,  the  6.8,  7.25  and  13.34  bands  are  well 
defined  and  other  weaker  bands  are  detect- 
able. Air  was  used  for  the  /o  curve.  The  lower 
spectrum  is  that  of  0.16  ml  of  methane, 
where  the  bands  around  3.3  and  7.7  microns 
are  readily  measurable.  The  comparison 
spectrum  is  the  amount  of  gas  remaining 
after  the  cell  is  purged  with  twice  its  own 
volume  of  air.  The  residual  Q-branch  of  the 
band  at  7.67  microns  is  still  visible  with  a 
tenth  of  its  former  absorbance.  The  amount 
of  methane  present  was  then  about  10  micro- 
grams.  From  these  and  other  measurements 
it  is  calculated  that  flushing  the  cell  with  its 
own  volume  of  gas  removes  approximately 
70%  of  the  original  contents. 

The  microgas  cell  and  its  beam  condenser 
have  been  used  in  a  Beckman  IR-5  spectro- 
photometer2  in  conjunction  with  a  Beckman 
model  GC-2  gas  chromatograph4  by  flowing 
the  effluent  from  the  column  directly  through 
the  cell  following  the  thermal  conductivity 
gauge.  When  the  gauge  indicated  that  an 
unknown  peak  had  passed  and  should  be  in 
the  cell,  the  flow  to  the  column  was  stopped 
and  the  spectrum  was  measured.  Figure  4 
shows  an  application  of  this  procedure  to  an 
unknown  impurity  that  was  detected  in  a 
previous  chromatogram  of  absolute  ethyl 
alcohol.  The  upper  curve  is  the  chromato- 
gram of  a  0.025  ml  sample  charged  to  the 
six-foot  column  packed  with  "Carbowax 
1000"  and  operated  at  a  temperature  of 
65°C.  The  flow  to  the  column  was  stopped 
when  the  grna-TO  peak  before  the  main  one 
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WAVELENGTH  IN  MICRONS 

FIG.  3.  Top  spectra,  in  order  /o  of  instrument  alone,  Jo  with  beam  condenser,  and  7o  with  beam  con- 
denser and  one  meter  gas  cell.  Middle  spectra,  air  and  0.16  ml  of  propane  at  one  meter  path.  Bottom 
spectra,  0.16  ml  methane  at  one  meter  path  and  same  after  flushing  with  two  cell  volumes  of  air. 


was  in  the  cell.  The  spectrometer  was  started 
and  the  spectrum  shown  in  the  bottom  half 
of  the  figure  was  recorded.  The  strong  P,  Q 
and  R  branches  of  the  15-micron  benzene 
band  are  readily  recognized,  as  are  the 
other  strong  bands  at  3.3,  6.7,  8.2  and  9.6 
microns.  In  addition  to  these  there  are  ex- 
traneous bands  at  5.7  and  8.4  microns.  They 
have  the  wavelengths  of  strong  bands  in  the 
spectrum  of  ethyl  formate.  As  this  should 

476 


come  out  of  the  column  between  benzene 
and  alcohol  where  the  chromatogram  does 
not  quite  drop  to  zero,  it  is  believed  to  be 
present.  The  amount  of  benzene  is  calcu- 
lated to  be  0.5%,  that  of  ethyl  formate 
0.1%. 

The  microgas  cell  and  chromatograph 
have  also  been  used  in  an  IR-4  spectro- 
photometer,6  where  the  higher  performance 
of  the  larger  instrument  was  used  to  com- 
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FIG.  4.  Gas  chromatogram  of  .025  ml  absolute  ethyl  alcohol  and  infrared  spectrum  of  Peak  "A". 


pensate  for  losses  in  the  optical  system. 
Figure  5  shows  at  the  top  the  chromatogram 
of  a  0.07-ml  sample  of  impure  toluene  run 
on  a  6-foot  column  packed  with  diethyl 
phthalate,  operated  with  a  flow  rate  of  60 
ml  per  minute  at  a  temperature  of  125°C. 
In  order  below  the  chromatogram  are  the 
spectra  of  the  first  three  peaks,  A,  B  and  C, 


following  the  air  peak.  They  have  been  iden- 
tified as  those  of  acetone,  saturated  hydro- 
carbon and  benzene.  Their  concentrations 
were  measured  from  the  gas  chromatogram 
as  0.04,  0.26  and  1.3%.  The  major  peak, 
representing  a  toluene  concentration  of 
97.8%,  was  recorded  at  1/100  of  the  sensi- 
tivity used  for  the  other  peaks. 
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FIG.  5.  Gas  chromatogram  of  impure  toluene  with  infrared  spectra  of  first  three  peaks,  A,  acetone; 
B,  saturated  hydrocarbon;  C,  benzene. 
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To  record  the  spectra  of  all  the  fractions 
continuously  as  they  emerge  from  the  col- 
umn, the  flow  rate  would  have  to  be  reduced 
to  allow  one  scanning  time  per  fraction. 
Then  with  a  column  that  isolates  a  hundred 
fractions  and  with  the  3-minute  scan  and 
30-inch  chart  of  the  IR-4,  five  hours  and 
250  feet  of  chart  would  be  required.  More 
practical  procedures  are  to  slow  down  the 
column  and  record  spectra  only  for  the 
slowest  fractions  where  identifications  are 
more  difficult  or  to  record  only  when  an  un- 
known peak  appears  on  the  chromatogram. 
Further  work  is  contemplated  on  this  and 
on  the  use  of  delay  lines  to  store  the  samples 
while  the  chromatograms  are  being  ex- 
amined. 

The  authors  wish  to  thank  Mr.  James  E. 
Stewart  for  making  the  measurements  with 
the  gas  chromatograph. 
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MICROSAMPLING     FOR     SMALL     INFRARED 
SPECTROPHOTOMETERS* 

Numerous  methods  have  recently  been 
developed  for  measuring  the  infrared  spectra 
of  very  small  samples.  Micro  liquid  cells11 
have  been  made  to  fit  where  the  light  beam 
is  small,  near  the  entrance  slits  of  spec- 
trometers. Silver  chloride  lens  systems1*2 

*  Abridged  version  of  paper  in  Anal.  Chem., 
30,  1694,  (1958).  By  permission. 


have  been  built  to  pass  most  of  the  light 
through  a  small  sample  at  a  reduced  image 
of  the  slit.  For  further  reduction  of  sample 
size,  a  number  of  reflecting  microscopes  and 
sampling  systems8'10  •  18-18« M  have  been  de- 
vised. Special  absorption  cells  in  conjunction 
with  a  microscope6'8  make  it  practical  to 
measure  the  spectrum  of  approximately  1  y 
of  material  in  solution.  Less  than  1  jul.  of 
pure  liquid  may  be  measured  without  a 
microscope.12  With  the  potassium  bromide 
pellet  technique  and  freeze  drying  of  the 
samples,17' 19'21  the  size  of  solid  samples  is 
reduced  to  10  7  without  the  use  of  a  micro- 
scope.18 

All  these  methods  have  been  used  on  com- 
mercial infrared  spectrographs  employing 
the  standard  60  X  75  mm.  prisms  or  larger, 
where  there  are  instrumental  adjustments 
that  can  easily  be  changed  to  correct  energy 
losses  or  other  difficulties  resulting  from  the 
small  sample  size.  Combining  them  with  the 
recently  announced22  small  infrared  spectro- 
photometers  requires  changes  in  the  methods 
and  equipment.  They  must  be  made  compat- 
ible with  the  basic  philosophy  of  the  simple 
instruments  that : 

Accurate  spectra  be  recorded  as  graphs  of 
transmittance  vs.  wave  length. 

All  spectra  be  made  directly  comparable 
by  recording  them  on  identical  charts  at 
the  same  speed,  response  time,  and  slit 
width. 

Other  types  of  measurements  be  possible 
by  connecting  additional  equipment. 

The  operation  be  as  simple  and  reliable  as 
possible. 

The  cost  be  held  to  a  TTmrimnTn. 

The  basic  unit  on  which  most  of  the  meth- 
ods depend  is  a  lens-type  beam  condenser. 
The  device  described  here  is  such  a  unit  that 
fits  in  the  instrument's  normal  sample  space. 
It  uses  three  potassium  bromide  lenses  to 
make  an  intermediate  image  of  the  entrance 
slit  reduced  five  times  and  to  reimage  this 
again  five  times  enlarged  at  the  original 
focal  point.  All  the  light  leaving  the  unit  is 
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FIG.  1.  Optical  layout  of  beam  condenser  and  spectrophotometer. 
BC.  Beam  condenser    &  .  Source     5.  Sample          Tc.  Thermocouple 
T.  Trimmer  C.  Comb  CH.  Chopper    Ai ,  At .  Apertures 


then  going  along  the  same  lines  toward  the 
same  image  points  as  it  was  when  it  entered. 
When  the  slits  are  widest,  essentially  all  the 
rays  pass  through  an  opening  0.5  X  4  mm., 
giving  over-all  transmission  of  about  75%, 
including  reflection  losses. 

The  optical  arrangement  of  the  spectrom- 
eter is  shown  in  Figure  1.  It  is  based  on  a 
Littrow  monochromator  with  a  66°  rock  salt 
prism  and  a  40  X  50  mm.  base.  The  col- 
limator  is  a  spherical  mirror  of  13.87-inch 
focal  length  used  8°  off  axis.  The  slits  are  1 
inch  long,  the  exit  slit  being  curved  to  com- 
pensate for  the  curvature  of  the  image  of  the 
straight  entrance  slit  due  to  the  prism  and 
the  off-axis  operation  of  the  collimator.  The 
whole  monochromator  is  heated  and  thermo- 
stated  to  reduce  the  effects  of  temperature 
changes  and  to  protect  the  rock  salt  win- 
dows. The  wave  length  changes  less  than 
0.02  micron  for  a  5°C  temperature  change. 

The  chopper,  CH ,  and  the  other  mirrors 
at  the  left  of  the  monochromator  form  a  sym- 
metrical double  beam  system  in  which  each 
beam  has  the  same  number  of  reflections 
from  the  same  numer  of  mirrors  at  the  same 
angles.  The  source  mirrors  form  images  of 
the  source  close  to  the  windows  on  the 
monochromator  cover  at  the  focal  points  of 
the  double  beam  focusing  mirrors.  They  in 
turn  form  virtual  images  of  the  source  at 
infinity.  The  entrance  slit  is  thus  illuminated 
by  a  virtual  source  at  infinity,  and  the  ad- 
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vantages  of  coherent  illumination  are  ob- 
tained. In  addition,  the  whole  area  around 
the  slit  is  illuminated,  and  there  is  no  pos- 
sibility of  opening  the  slits  so  wide  that  they 
are  not  completely  filled. 

The  source  itself,  /S0 ,  is  a  "Nichrome"  helix 
%  inch  long  and  %2  inch  in  diameter,  elec- 
trically heated  to  a  yellow  color  by  a  regu- 
lated power  supply.  A  magnified  real  image 
of  it  appears  in  the  prism,  large  enough  to 
overfill  the  prism.  To  reduce  scattered  light 
in  the  monochromator,  the  overfilling  is 
limited  to  the  size  that  can  just  pass  through 
the  prism  by  a  pair  of  apertures,  AI  and  Az , 
in  the  two  beams  just  inside  the  large  cover 
and  close  to  the  two  images  of  the  prism. 

The  double  beam  focusing  mirrors  make 
real  images  of  the  entrance  slit  just  inside  the 
source  cover  at  the  position  of  the  comb,  C, 
in  the  reference  beam  and  of  the  trimmer,  T, 
in  the  sample  beam.  There  is  a  reduction 
between  the  slit  and  its  images  that  makes 
%  inch  of  comb  height  fill  1  inch  of  slit 
length.  The  arrangement  of  optics  to  put 
images  of  the  slit  near  one  end  of  the  sample 
space  and  of  the  prism  near  the  other  limits 
the  Tflff*™T''Tn  size  of  the  beams  in  the  sample 
space  to  0.16  X  0.86  inch  on  entering  and 
0.40  X  0.66  inch  on  leaving. 

Following  the  monochromator,  the  light  is 
focused  on  a  thermocouple  detector  by  a 
spherical  mirror  operated  14°  off  axis.  This 
forms  an  image  of  the  slit  reduced  five  times, 
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which  is  reduced  one  half  by  a  lens  on  the 
thermocouple,  Tc,  just  in  front  of  the  0.3  X 
2  mm.  target.  Its  resistance  is  about  2  ohms 
and  its  sensitivity  1  volt  per  watt. 

The  whole  instrument  operates  on  250 
watts  of  115-volt,  60-cycle  power.  It  auto- 
matically records  a  spectrum  from  2  to  16 
microns  in  approximately  16  minutes  on  a 
chart  area  5  X  17.5  inches.  The  slits  are 
cam  driven.  The  actual  resolution  is  about 
85%  of  that  indicated  by  the  spectral  slit 
widths.  For  differential  analysis,  the  slits 
may  also  be  opened  wider  than  the  indicated 
values  by  means  of  an  overriding  manual 
control.  The  scanning  rate  is  varied  auto- 
matically in  proportion  to  the  spectral  slit 
width  to  spend  the  same  length  of  time  on 
each  resolvable  interval. 

Discussion 

The  performance  of  the  instrument  under 
the  standard  conditions  is  illustrated  by  the 
polystyrene  film  spectrum  and  the  group  of 
seven  repeat  spectra  of  iso-octane.  The  noise 
level  is  1%,  the  100%  line  is  flat  to  ±2%, 
and  the  scattered  light  at  14.3  microns  is  2  %. 

The  preferred  place  to  put  small  samples 
is  at  the  reduced  image  of  the  slit  in  the  beam 
condenser.  At  this  point  the  cross-section 
area  of  the  beam  is  2  sq.  mm.  or  less,  depend- 
ing on  the  slit  width.  For  a  cell  0.1  mm. 
thick  the  volume  of  sample  actually  used  is 
0.2  /*!.;  for  a  0.025-mm.  cell  it  is  0.05  /iL 
Samples  of  this  size  may  be  held  and  handled 
in  liquid  form  in  absorption  cells  like  those 
of  Davison12  or  Blout.8  Davison's  cell,  in 
which  a  groove  has  been  cut  in  one  window 
around  the  used  area  to  hold  the  sample  in 
the  proper  place  by  capillary  action,  has 
been  used  for  TYnnhnnm  sample  volume. 

When  a  little  more  sample  is  available  and 
some  of  it  can  be  lost  in  dead  space,  Col- 
thup'su  self -filling  capillary  has  proved  con- 
venient. With  an  area  of  1  X  5  mm.,  its 
0.025-mm.  thickness  gave  it  a  used  volume 
of  0.12  /iL;  its  total  volume,  including  filling 
tubes,  was  10  pi.  Its  filling  tubes  had  a  vol- 


ume much  larger  than  the  used  part,  but 
not  too  much  more  than  that  of  thicker  cells 
that  were  made  for  holding  solutions. 

These  cells  were  used  to  measure  the 
spectra  of  a  number  of  essential  oil  samples, 
chosen  to  illustrate  differences  in  the  spectra 
of  such  materials  and  to  show  how  they  can 
be  measured  when  only  small  quantities  are 
available. 

Phenyl  ethyl  alcohol  sometimes  occurs 
naturally  as  a  minor  constituent  of  rose  oils, 
and  in  larger  quantities  it  has  also  been  used 
to  adulterate  them.  Its  monosubstituted 
phenol  C — H  out-of -plane  vibrations  at  13.4 
and  14.3  microns  and  its  primary  alcohol 
vibration  of  9.6  microns  are  characteristic. 

The  weakness  of  the  aromatic  bands  in 
the  rose  oil  spectrum  indicates  that  the 
sample  cannot  contain  more  than  a  few  per 
cent  of  the  alcohol.  Guiac-wood  oil,  which  is 
sometimes  added  to  rose  oils  to  mask  the 
odor  or  other  adulterants,  has  a  spectrum 
with  characteristic  peaks  at  8.8  and  11.1 
microns.  From  the  absence  of  sharp  bands 
at  these  wave  lengths,  it  is  apparent  that 
there  is  little  if  any  of  it  present  in  the  rose 
oil  sample.  Citronellol,  on  the  other  hand, 
has  a  spectrum  so  similar  to  that  of  the  rose 
oil  that  it  is  likely  to  be  one  of  the  important 
constituents. 

To  measure  the  spectra  of  solid  samples,  a 
demountable  die  was  built  for  pressing  1  X 
5  TYvm.  potassium  bromide  pellets.  When  the 
die  is  taken  apart  after  pressing,  the  pellet 
can  be  deposited  directly  on  the  sample 
holder  without  intermediate  handling.  A 
sample  size  of  0.12  mg.  seems  to  be  approach- 
ing the  limit  for  thfe  method  of  mixing.  The 
intensity  of  the  spectrum  is  somewhat  less 
than  measurements  on  larger  samples  would 
predict,  probably  due  to  losses  of  sample  on 
the  walls  of  the  plastic  mixing  container. 
For  smaller  samples  the  freeze  drying  tech- 
nique described  by  Resnik18  and  others  is 
suitable.  Samples  as  small  as  10  y  should  be 
measurable  by  this  technique. 

A  different  kind  of  spectral  measurement 
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2  5  10 

FIG.  2.  Specular  reflectance  of  boric  oxide  surface. 
Top          Aluminized  mirror  as  reference. 

Center     Freshly  polished  boric  oxide  surface  with  zero  offset  10%. 
Bottom    Fogged  boric  oxide  surface. 


is  also  possible,  though  at  present  without 
the  use  of  the  beam  condenser.  Infrared  re- 
flectance may  be  measured  by  inserting  two 
small  mirror  surfaces  into  the  sample  space, 
arranged  to  reflect  light  to  the  polished  sur- 
face of  a  sample  and  then  back  into  its 
original  path.  The  total  path  is  lengthened 
%  inch,  but  this  has  not  proved  to  be  im- 
portant when  an  aluminized  mirror  is  used 
as  a  reflectance  standard  to  determine  the 
100  %  line,  as  shown  in  Figure  2.  This  figure 
shows  two  spectra  of  a  boric  oxide  surface 
measured  at  30°  angle  of  incidence.  The 
upper  curve  is  for  the  freshly  polished  sur- 
face, the  lower  one  for  the  same  surface 
lightly  f  ogged  by  having  been  breathed  on. 
The  zero  was  offset  10%  between  the  two 
spectra.  The  differences  are  due  to  hydration, 
indicated  most  clearly  by  the  appearance 
of  an  OH  reflection  band  at  3.2  microns. 
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MICROTECHNIQUES 

With  the  development  of  present  day 
chromatographic  techniques  for  isolating 
microquantities  of  pure  samples,  the  need 
for  infrared  microtechniques  has  become 
apparent.  The  use  of  these  separation  tech- 
niques is  limited  unless  unequivocal  identi- 
fication of  the  constituents  can  be  obtained. 
This  is  one  area  in  which  infrared  micro- 
techniques can  play  a  large  role. 

Fortunately,  recent  advances  in  infrared 
equipment,  such  as  beam  condensing  sys- 
tems, microscope  attachments,  and  scale 
expansion  units,  have  enabled  the  identifica- 
tion of  samples  in  the  parts  per  million  range. 
These  accessories  can  be  adapted  to  the 
microanalysis  of  gases,  liquids,  and  solids  by 
using  specially  designed  infrared  cells. 

Critical  analytical  areas,  such  as  air  pollu- 
tion studies,  biological  examinations,  free 
radical  investigations,  surface  chemistry 
problems,  and  chromatographic  identifica- 
tions of  small  quantities  of  materials,  have 
benefited  from  the  application  of  infrared 
spectroscopy  to  trace  analysis.  Infrared  mi- 
cro-sampling is  a  necessity  in  many  biomedi- 
cal  investigations  where  only  an  extremely 
small  sample  is  available  for  analysis.  For 
example,  the  determination  of  the  steroid 
hydrocortisone  in  human  blood,  which  is 
present  at  a  concentration  of  about  5  micro- 
grams  per  100  ml  of  blood,  must  necessarily 
require  microanalysis.  In  this  case  infrared 
analysis  provides  positive  identification. 

Of  the  commercially  available  infrared 
spectrophotometers,  none  has  any  decided 
advantages  in  the  analysis  of  microsamples. 
The  microtechniques  which  have  been  re- 
ported in  the  literature  can  usually  be 
adapted  to  any  infrared  spectrophotometer. 

In  this  discussion  the  term  micro  will  refer 
to  quantities  of  materials  less  than  0.5  ml  of 
gas  (STP),  0.1  microliter  of  liquid,  or  50 
micrograms  of  solid. 

Special  Accessories  and  Equipment 

Numerous  accessories  have  been  devel- 
oped specifically  for  microinfrared  analyses. 


Devices  such  as  beam  condensing  systems, 
microscope  attachments,  and  scale  expansion 
systems  have  become  common  infrared  tools. 

A  beam-condensing  system  which  opti- 
cally reduced  the  size  of  the  light  beam  from 
the  source  before  it  passed  through  the 
sample  was  reported  by  Anderson  et  dL.1  In 
this  system  a  pair  of  silver  chloride  lenses, 
positioned  to  form  the  condensing  arrange- 
ment, enabled  the  infrared  analysis  of  sam- 
ples in  the  10  microgram  range.  White  et  oZ.26 
have  designed  an  improved  version  of  this 
beam  condenser,  using  three  KBr  lenses 
which  were  capable  of  passing  75%  of  the 
energy  through  a  0.5  to  4  mm  sample  area. 
Another  beam  condensing  system,19  which 
uses  an  all-reflecting  system  of  optics,  pro- 
vides a  six-fold  reduction  in  beam  size.  This 
system  still  maintains  high  energy  levels 
when  analyzing  samples  as  small  as  0.5  Tnm 
in  diameter. 

When  extreme  reduction  in  beam  size  is 
required  to  accommodate  minute  samples, 
the  use  of  a  reflecting  microscope  is  neces- 
sary. A  spectrophotometer  with  a  microscope 
attachment  is  termed  a  microspectrometer. 
This  microscope  unit  must  be  rigidly  at- 
tached to  the  spectrophotometer  and  care- 
fully aligned.  It  is  usually  mounted  in  the 
dispersed  beam  after  the  exit  slit  of  the 
monochromator  to  minimize  possible  heating 
and  photochemical  effects  in  the  sample. 
However,  Blout  et  dL?  and  Cole  et  oZ.u  have 
described  a  reflecting  microscope  suitable  for 
use  in  the  sample  beam  of  a  double-beam 
spectrophotometer  if  some  sample  heating 
can  be  tolerated.  Measurements  have  indi- 
cated that  the  sample  temperature  is  raised 
to  about  70°C.  These  microspectrometers 
are  used  for  sample  sizes  in  the  fractional 
microgram  range.  An  excellent  discussion  on 
the  use  of  the  combination  of  a  microscope 
and  a  spectrophotometer  is  presented  by 
Blout.7  Wood27  also  covers  the  theory  and 
application  of  microspectrometers  thor- 
oughly. 

Electronic  ordinate  scale  expansion  sys- 
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terns  are  recent  modifications  of  infrared 
spectrophotometers.  These  scale  expansion 
systems  are  versatile  and  convenient  meth- 
ods of  increasing  sensitivity  based  on  the  ul- 
timate signal-to-noise  capability  of  a  double- 
beam  spectrophotometer. 

In  a  typical  commercial  instrument  the 
optical  wedge  is  used  to  null,  or  balance,  any 
differences  in  the  relative  intensities  of  the 
sample  and  reference  beams.  Any  change 
causes  the  wedge  to  move  in  a  direction 
which  increases  or  decreases  the  intensity  of 
the  reference  beam  the  proper  amount  to 
restore  balance.  The  wedge  position  is,  there- 
fore, proportional  to  the  transmittance  of  the 
sample.  A  record  of  the  wedge  movement, 
hence  sample  transmittance,  is  obtained  by 
coupling  the  recorder  pen  to  the  wedge,  so 
that  when  the  wedge  moves  the  pen  moves  a 
proportional  amount. 

The  ordinate  scale  expander  changes  the 
displacement  of  the  pen  relative  to  that  of 
the  wedge.  At  a  setting  of  IX  on  the  expan- 
sion switch,  the  pen  will  travel  the  full 
length  of  the  instrument  transmittance  scale 
for  a  full  scale  wedge  displacement.  At  a 
setting  of  5X,  a  full  scale  displacement  of 
the  wedge  would  produce  a  pen  displacement 
equal  to  five  times  the  length  of  the  trans- 
mittance scale  on  the  instrument,  were  this 
physically  possible.  Due  to  physical  limita- 
tions of  the  instrument,  the  pen  can  travel 
only  the  length  of  the  instrument  transmit- 
tance scale  which,  at  the  5X  expansion  now 
represents  20%  transmittance.  That  is,  the 
full  transmittance  scale  covers  from  100% 
to  80%  transmittance.  Thus  absorption 
bands  are  increased  five  times  in  intensity 
at  a  setting  of  5X. 

The  ordinate  scale  expander  provides  ex- 
pansions of  one,  five,  ten,  and  twenty  times, 
corresponding  to  the  ranges  of  transmittance 
units  of  100%,  20%,  10%,  and  5%,  respec- 
tively. 

Sample  Types 

Gases.  The  extensive  use  of  gas  chroma- 
tography  and  the  high  interest  in  odor 
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analysis  have  necessitated  the  development 
of  methods  for  the  analysis  of  small  amounts 
of  gases  and  liquids  too  volatile  to  be  con- 
tained in  infrared  liquid  cells. 

In  some  instances  the  gases  can  be  dis- 
solved in  a  solvent  (such  as  trapping  the 
effluent  gas  from  a  gas  chromatography 
column)  and  the  infrared  spectrum  obtained 
by  using  a  liquid  cell.  The  microanalysis  of 
liquids  will  be  discussed  in  the  next  section. 

In  many  cases  it  is  more  convenient  to 
examine  the  material  in  the  vapor  state  by 
using  a  gas  cell.  In  microwork  it  is  advan- 
tageous to  have  a  cell  with  a  TttininuiTn  vol- 
ume yet  with  most  of  the  sample  in  the  radia- 
tion beam.  One  method  of  obtaining  this  is 
to  shape  the  gas  cell  so  that  it  is  the  exact 
shape  of  the  converging  beam.  This  enables 
the  entire  sample  to  be  in  the  beam,  thus 
allowing  maximum  sensitivity. 

The  fabrication  of  folded-path  cells  per- 
mits the  extension  of  the  length  of  gas 
cells  without  proportional  increases  in  vol- 
ume. J.  U.  White  et  oZ.25  have  developed  a 
miniature  folded-path  cell,  to  be  used  with  a 
beam  condenser,  which  provides  an  adjust- 
able path  length  (17  to  100  cm)  with  a  vol- 
ume of  only  22  ml.  Its  one  meter  path  gives 
a  length-to-volume  ratio  of  4.5  cm  per  ml, 
which  is  an  increase  of  50  to  100  times  that 
of  most  standard  10  cm  infrared  absorption 
cells.  Infrared  spectra  of  samples  as  small 
as  0.01  ml  (STP)  can  be  obtained  readily 
with  this  folded  cell.  Further,  it  can  be  used 
in  conjunction  with  a  gas  chromatograph 
for  identification  of  various  fractions.  An- 
other desirable  feature  is  that  the  tempera- 
ture of  the  cell  can  be  varied  up  to  a  maxi- 
mum of  250°C. 

A  low-temperature  microcell,  developed 
by  Stewart22  for  the  analysis  of  small  quan- 
tities of  gases  (0.03  to  0.3  ml  STP) 
condensed  at  liquid  nitrogen  temperature, 
contains  a  silver  chloride  beam  condensing 
lens.  The  sample  is  frozen  in  a  thin  film 
on  a  sodium  chloride  window  maintained 
at  about  -  182°C.  The  spectra  of  most  frozen 
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gases  closely  resemble  the  spectra  of  the 
corresponding  vapors;  however,  some  excep- 
tions have  been  noted. 

An  infrared  cell  was  designed  by  Szyman- 
ski  et  al.Z4  for  collecting  gas  chromatographic 
fractions  by  condensing  the  effluent  sample 
on  a  suitable  absorbent.  This  cell  can  handle 
samples  in  the  0.02  ml  range  and  no  solvent 
or  special  handling  techniques  are  required. 

In  the  study  of  atmospheric  contamina- 
tion and  trace  quantities  of  gas  in  air,  sev- 
eral long-path  cells  have  been  fabricated.  A 
40  meter  path-length  cell  is  now  com- 
mercially available.  Combined  with  the 
transmittance  expansion  effect  of  a  scale 
expansion  unit,  an  apparent  path-length  of 
1600  meters — or  one  mile — is  provided.  The 
interior  reflecting  surfaces  are  gold-finished 
to  minimize  corrosive  effects  of  samples. 
Stephens21  developed  a  cell  with  a  path 
length  of  216  meters  for  the  measurement  of 
gaseous  contaminants  in  the  atmosphere. 

Liquids.  The  usual  infrared  cell  for  liquid 
samples  has  a  0.1  mm  thickness  and  a  vol- 
ume of  about  100  microliters.  Using  modified 
spacers,  the  volume  can  be  reduced  to  20 
microliters;  whereas  a  cell  filled  by  means 
of  a  capillary  tube,  to  keep  dead  space  to  a 
TTnnirrmm?  can  contain  as  little  as  2  micro- 
liters  with  a  0.1  mm  path-length.  Instrument 
modifications,  such  as  masking  the  slits,  will 
enable  the  analysis  of  0.02  microliter  of 
liquid.  For  example,  Stewart28  obtained  the 
infrared  absorption  of  the  13.7  micron  band 
of  toluene  by  using  only  0.086  microliter  of 
sample  (5  X  10U  molecules). 

Black  et  oZ.c  describe  a  relatively  simple 
cell  for  handling  liquids  in  the  0.08  micro- 
liter  range.  This  cell  consisted  of  a  loop  of 
thin  platinum  wire  sandwiched  between  po- 
tassium bromide  discs.  A  second  sample  cell 
was  fabricated  by  drilling  a  small  hole  in  a 
thin  sheet  of  suitable  material.  This  cell 
handled  about  0.02  microliter  of  liquid  ana- 
lyzed as  a  thin  film. 

Another  type  of  microcell,  in  which  the 
sample  fills  an  etched-out  space  between 


polished-salt  flats,  was  described  by  Davi- 
son18  and  Friedel  et  d.1*  This  type  of  cell 
used  a  minimum  sample  volume  ranging 
between  6  microliters  for  a  cell  of  0.1  mm 
thickness  and  about  0.2  microliter  for  a  cell 
of  0.01  mm  thickness. 

The  technique  of  microliquid  analysis  has 
gained  prestige  with  the  advent  of  gas  chro- 
matography.  Molnar,  et  al.1*  have  used  poly- 
ethylene micro-capillary  tubes  for  trapping 
gas  chromatography  samples.  These  samples 
were  analyzed  directly  with  an  infrared 
microspectrometer.  The  interfering  bands 
from  polyethylene  were  troublesome  in  the 
carbon-hydrogen  regions;  however,  the  poly- 
ethylene still  allows  enough  windows  for  un- 
equivocal identifications. 

Microscope  attachments  are  common- 
place in  microliquid  analysis.  Blout  et  oZ.9 
described  the  apparatus  and  methods  used 
for  the  infrared  analysis  of  solutions  con- 
taining about  one  microgram  of  solute.  The 
absorption  cell  used  was  a  piece  of  capillary 
tubing  made  of  silver  chloride  with  a  bore 
diameter  of  about  0.075  mm.  The  cell  was 
1  to  1.5  mm  long  and  was  filled  by  means 
of  a  micro-pipette.  A  magnified  image  of  the 
cell  was  projected  on  the  entrance  slit  of 
the  microspectrometer  and  the  spectral  data 
were  recorded. 

A  similar  capillary  cell  was  fabricated  by 
Black5  using  the  standard  potassium  bro- 
mide (KBr)  pelleting  technique.  The  cell 
is  made  by  pressing  a  KBr  pellet  con- 
taining a  piece  of  wire  of  a  specified  diam- 
eter. Removal  of  the  wire  gives  a  capillary 
cell  of  the  desired  diameter. 

Of  course,  non-volatile  liquid  samples  can 
be  handled  by  using  the  potassium  bromide 
technique,  which  is  described  in  the  follow- 
ing section  on  the  analysis  of  solids. 

Solids*  Solids  are  most  commonly  an- 
alyzed as  solutions,  as  suspensions  in  ma- 
terials such  as  mineral  oil  (Nujol),  or  as 
potassium  bromide  pellets. 

The  analysis  of  a  minute  amount  of  a 
solid  in  solution  requires  a  suitable  solvent 
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(one  in  which  the  solute  is  soluble  and  which 
gives  transmission  windows)  and  the  use  of 
micro  cells.  If  a  satisfactory  solvent  cannot 
be  found,  the  powdered  sample  may  be  sus- 
pended in  Nujol  or  aluminum  stearate  and 
spread  on  a  salt  plate  for  analysis.  Another 
possibility  is  to  melt  the  sample  and  analyze 
it  in  the  molten  state.  Low  melting  samples 
can  be  analyzed  at  room  temperature, 
whereas  high  melting  samples  may  be  kept 
in  the  molten  state  by  applying  heat  during 
the  analysis. 

Probably  the  most  popular  technique  for 
analyzing  solids  is  to  press  the  sample  into 
a  KBr  pellet.  Such  a  method  was  described 
by  Resnik,  et  aZ.20  wherein  the  lyophilized 
sample  was  pressed  into  a  pellet  by  means  of 
a  micro  die.  The  advantage  of  this  technique 
is  that  it  requires  no  instrument  modifica- 
tions to  analyze  samples  in  the  microgram 
range.  By  using  an  internal  standard  and 
the  freeze  drying  technique,  microgram 
samples  can  be  analyzed  quantitatively. 
The  use  of  a  special  disc  permits  the  sample 
to  be  analyzed  directly  in  the  die  holder,  thus 
eliminating  transfer  of  the  pellet.  This  tech- 
nique is  also  applicable  to  the  analysis  of 
compounds  eluted  from  paper  chromato- 
crams* 

Kirkland16  described  an  evacuable,  rec- 
tangular die  for  pressing  KBr  pellets  to  be 
used  in  the  infrared  analysis  of  microgram 
amounts  of  solids.  No  additional  optical 
equipment,  beam  condensation,  or  special 
instrumental  adjustment  was  required. 

A  KBr  ultra-micro  die  described  by 
Mason17  utilized  vacuum  alone  to  produce 
KBr  pellets  measuring  either  0.5  or  1.5  mm 
in  diameter.  Pellets  were  precisely  formed  in 
the  center  of  a  13  mm  steel  disc  and  re- 
mained in  the  disc  during  the  infrared  anal- 
ysis. The  1.5  mm  pellet  was  analyzed  di- 
rectly, while  the  0.5  mm  pellet  was  used 
in  a  beam  condensing  system  to  transmit 
enough  energy. 

Recently  Bissett4  described  a  technique 
for  fabricating  a  KBr  pellet  of  any  diameter 
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without  using  a  special  ultra-micro  die. 
These  pellets  can  be  formed  using  most 
commercial  or  "homemade"  dies. 

Francis  et  oZ.14  described  the  modification 
of  a  double-beam  infrared  spectrophotom- 
eter  which  allowed  the  analysis  of  a  film  as 
thin  as  a  monolayer  in  thickness  on  a  metal 
mirror.  The  spectra  obtained  by  this  tech- 
nique provided  information  about  the  ori- 
entation as  well  as  the  composition  of 
sample  films. 

Surface  coatings  can  be  analyzed  with  any 
commercial  spectrometer  by  employing  a 
special  reflectancy  accessory.  Dannerberg12 
describes  this  accessory  in  the  infrared  analy- 
sis of  coatings  which  are  0.1  mil  thick. 

Applications 

The  field  of  infrared  analysis  has  broad- 
ened considerably  with  the  development  of 
microsampling  techniques  for  the  study  of 
small  samples.  The  combined  use  of  chro- 
matography  (paper,  gas,  and  liquid)  and  in- 
frared have  far-reaching  applications. 

The  analysis  of  small  amounts  of  mate- 
rial is  extremely  useful  in  biological  prob- 
lems, such  as  the  measurement  of  spectra  of 
individual  cells,  of  fibers,  and  of  tissue  sec- 
tions. Such  applications  are  presented  by 
Barer  et  d?  and  Coates  et  oZ.10  A  conference, 
covering  the  biological  applications  of  in- 
frared spectroscopy  was  held  by  the  New 
York  Academy  of  Sciences.  A  detailed  re- 
port of  this  meeting  has  been  published.8 

Air  pollution  studies,  criminal  investiga- 
tions, biochemical  research,  odor  analyses, 
and  surface  chemistry  are  but  a  few  areas  in 
which  infrared  microtechniques  have  direct 
applications. 

Conclusions 

Infrared  microtechniques  have  not  as  yet 
reached  their  optimum  usefulness  in  spec- 
trophotometric  analysis.  The  techniques 
have  been  developed  for  analyzing  fractions 
of  a  microgram,  but  these  techniques  have 
not  yet  been  applied  routinely.  The  applica- 
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tion  of  the  these  microtechniques  will  en- 
hance infrared  spectroscopy,  particularly  as 
it  applies  to  the  identification  of  trace  con- 
stituents. 

Accessories  for  infrared  microtechniques, 
such  as  micro  KBr  dies,  beam  condensing 
systems,  folded-path  cells,  microscope  at- 
tachments, and  ordinate  scale  expansion 
units,  have  been  developed  and  are  commer- 
cially available. 

Micro  gas  samples  can  be  analyzed  by 
using  special  folded-path  cells  along  with 
instrument  modifications  to  enable  infrared 
analyses  of  samples  as  small  as  0.01  ml  at 
STP. 

Liquid  samples  as  small  as  0.0005  micro- 
liter  can  be  studied  with  special  cells  in  in- 
frared spectrophotometers  by  using  micro- 
scope and  scale  expansion  accessories. 

Solids  in  the  fraction  of  a  microgram  range 
can  be  studied  by  using  an  ultra-micro  die 
coupled  with  a  beam  condensing  system. 

In  conclusion,  infrared  microtechniques 
are  only  now  becoming  available  for  routine 
analyses;  they  should  make  the  infrared 
spectrophotometer  the  outstanding  ana- 
lytical tool  of  the  future. 
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FRANK  E.  RESNIK 

MINERAL  COMPOSITIONS  AND  STRUCTURES 

While  infrared  analysis  has  been  used  ex- 
tensively for  the  study  of  organic  molecules, 
its  application  to  the  field  of  inorganic  ma- 
terials has  been  somewhat  more  limited,  be- 
cause the  inorganic  spectra  have  often 
proved  less  specific  than  the  uniquely  diversi- 
fied organic  spectra,  and  sampling  difficulties 
with  inorganic  minerals  have  sometimes  been 
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encountered.  However,  infrared  analyses 
have  been  applied  to  the  study  of  a  variety 
of  pure  inorganic  minerals  and  mixtures  of 
minerals,  and  also  to  naturally  occurring 
organic  materials. 

Because  less  work  has  been  done  in  the 
inorganic  field,  the  literature  does  not  con- 
tain the  extensive  correlations  of  standard 
inorganic  spectra  that  are  available  for  or- 
ganic materials.  A  prerequisite,  therefore,  to 
the  application  of  infrared  analysis  to  min- 
eralogical  problems  involves  collecting  stand- 
ard spectra  of  many  different  minerals,  and 
making  correlations  of  their  absorption  fea- 
tures. 

Spectra  have  been  obtained,  between  the 
wavelengths  of  2  and  15  microns,  for  many 
of  the  common  sulf ate,  carbonate,  oxide,  and 
phosphate  minerals,  among  others.  These 
spectra  are  characterized  by  fewer,  and  often 
broader,  absorption  peaks  than  are  typical 
for  the  spectra  of  organic  substances.  In  the 
spectra  of  some  of  the  oxides  and  sulfides, 
no  sharply  defined  peaks  appear,  but  rather 
a  generally  diffuse  level  of  absorption.  For 
those  minerals  with  complex  anions,  the  an- 
ionic  structure  dominates  the  shape  of  the 
spectra,  reflecting  the  covalent  character  of 
the  anionic  bonding.  Thus,  in  the  spectra  of 
a  series  of  carbonates  with  different  cations, 
each  has  absorption  at  near  7,  11.5,  and  14 
microns,  and  in  a  series  of  sulf  ates,  a  strong 
absorption  at  near  9  microns  and  a  second- 
ary absorption  near  15  microns.  The  different 
cations  do  not  alter  the  over-all  character  of 
the  spectra;  however,  minor  wavelength 
shifts  of  the  absorption  peaks  accompany 
different  cations,  and  thus  help  to  distin- 
guish between  the  spectra  of  the  series.  Gen- 
erally, the  spectra  of  inorganic  minerals  are 
sufficiently  distinctive  so  that  the  pure  min- 
erals may  be  identified,  and  because  of  the 
sharp,  relatively  few  peaks,  mixtures  of  2 
or  more  constituents  may  often  be  differen- 
tiated by  the  spectral  features. 

Standard  spectra  have  also  been  obtained 
of  silicate  minerals  of  every  structural  class, 
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ranging  from  most  tightly  bonded  silicates, 
the  tectosilicates,  in  which  the  silicate  tetra- 
hedra  are  joined  together  to  form  3-di- 
mensional  frameworks,  to  the  least  tightly 
bonded,  like  zircon,  in  which  separate  SKX 
tetrahedral  groups  occur.  Within  the  wave- 
length span  9  to  12  microns,  most  of  the 
silicates  show  their  major  absorption  band, 
which  is  due  to  the  vibrations  of  the  metal- 
oxygen  bonds  within  the  silicate  tetrahedra. 
This  is  advantageous  for  characterizing  the 
silicates  as  a  group,  as  the  absence  of  ab- 
sorption within  this  wavelength  span  would 
indicate  the  absence  of  silicates.  Conversely, 
it  decreases  the  specificity  of  the  spectra  for 
analysis,  because,  although  the  major  ab- 
sorption peaks  of  many  of  the  silicates  are 
sufficiently  distinctive  for  identifying  the 
pure  minerals,  they  would  overlap  in  the 
spectra  of  a  mixture  of  silicates,  obscuring 
their  individual  features  and  increasing  the 
difficulty  of  analysis. 

For  some  silicates,  the  specificity  of  the 
spectra  is  increased  by  occurrence  of  second- 
ary absorption  peaks,  outside  the  wave- 
length range  of  the  main  silicate  absorption 
band,  that  are  sufficiently  sharp  and  distinc- 
tive for  use  in  analysis.  These  occur  mostly 
at  wavelengths  longer  than  12  microns. 

Also,  the  wavelength  of  the  major  absorp- 
tion band  may  be  correlated,  in  a  general 
way,  according  to  the  type  of  tetrahedral 
bonding  in  the  structure  (the  tectosilicates 
absorb  at  wavelengths  between  9.2  and  10 
microns,  but  less  tightly  bonded  silicates  ab- 
sorb at  progressively  longer  wavelengths 
until,  for  silicates  such  as  zircon,  in  which  the 
silica  tetrahedra  are  isolated  the  absorption 
peak  may  occur  at  wavelengths  as  long  as 
12  microns),  and  also  according  to  the 
amount  of  aluminum  that  has  replaced  sili- 
con in  the  tetrahedra  (thus,  for  the  tectosili- 
cates, the  absorption  peak  wavelength  un- 
dergoes a  shift  from  near  9.2  microns  for 
quartz  and  cristobalite,  which  contain  no 
aluminum,  to  approximately  10  microns  as 
the  aluminum: silicon  ratio  in  the  tectosili- 
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cates  increases  to  the  maximum  value  of 
1:1). 

While  the  standard  spectra  usually  cover 
the  range  from  2  to  15  microns,  many  of  the 
inorganic  minerals  have  sharp,  intense  ab- 
sorption peaks  at  longer  wavelengths,  and 
the  specificity  of  the  spectra  will  no  doubt  be 
aided  by  extending  their  range.  Much  re- 
mains to  be  done  in  collecting  and  correlat- 
ing the  spectra  of  the  inorganic  minerals  so 
that,  similar  to  what  has  been  done  with 
organic  compounds,  these  standard  reference 
data  will  be  available  for  analyses. 

The  infrared  method  can  be  usefully  ap- 
plied to  a  variety  of  specific  mineralogical 
studies.  In  the  identification  of  closely  simi- 
lar materials,  such  mineral  pairs  as  the  two 
crystal  forms  of  KAlSisOs ,  orthoclase  and 
microcline;  two  of  the  modifications  of  silica, 
quartz  and  cristobalite;  the  polymorphs  of 
Mg^Oc ,  enstatite  and  clinoenstatite;  or 
the  CaCOs  polymorphs,  calcite  and  arago- 
nite,  can  be  differentiated  by  their  spectra. 
In  the  analysis  of  fine-grained  rocks  such  as 
clays  and  shales,  the  small  particle  sizes  of 
the  minerals  precludes  the  use  of  the  polariz- 
ing microscope  to  identify  the  constituents; 
however,  infrared  spectra  have  been  particu- 
larly useful  in  identifying  the  mineral  con- 
stituents of  such  rocks.  In  connection  with 
petroleum  geology  explorations,  infrared 
spectra  have  been  used  to  analyze  the  con- 
stituents of  various  surface  samples,  oil  well 
cuttings,  and  cores;  during  drilling  opera- 
tions, penetration  of  drilling  mud  constitu- 
ents into  a  formation  has  been  conveniently 
followed  by  infrared  analysis,  since  the  com- 
parison of  the  spectra  of,  for  instance,  a 
side-wall  core  of  sandstone  and  of  the  drilling 
mud  will  indicate  to  what  extent  such  con- 
stituents as  calcite  and  kaolinite  have  been 
introduced  into  the  sandstone  in  the  course 
of  drilling  through  higher  formations.  Infra- 
red spectra  are  particularly  useful  to  chart 
gradual  changes  in  a  series  of  materials  by 
following  the  gradual  changes  in  their  ab- 
sorption spectra.  In  one  such  study,  spectra 


were  used  to  follow  a  series  of  channel  sam- 
ples of  ores  from  along  a  contiguous  mine 
wall;  by  correlating  the  successive  changes 
in  the  spectra  with  the  shift  in  the  source  of 
the  sample,  the  effects  of  weathering  and 
the  oxidation  states  of  the  metallic  constitu- 
ents of  the  ores  were  charted. 

In  the  study  of  solid-state  syntheses  of 
minerals,  infrared  spectroscopy  is  a  particu- 
larly convenient  method  of  diagnosing  the 
progress  of  the  reaction.  The  absorption 
spectra  of  the  solid  product,  when  compared 
with  the  spectra  of  the  pure  reactants,  will 
indicate  whether  the  product  contains  the 
synthesized  mineral,  or  is  merely  a  physical 
mixture  of  the  reactants.  By  comparing  the 
results  of  reactions  under  varying  experi- 
mental conditions,  the  spectra  will  thus  in- 
dicate the  optimum  conditions  for  synthesis 
of  the  mineral.  Infrared  analysis  also  pro- 
vides a  useful  tool  to  study  adsorption  on  the 
surface  of  a  mineral,  such  as  organic  floccu- 
lants  on  clays,  or  hexanethiol  on  zincite — 
indicating,  by  interpretation  of  the  spectra 
of  the  reaction  product,  the  types  of  chemi- 
cal bonding  taking  place  on  the  mineral  sur- 
face. 

The  major  absorption  bands  of  the  inor- 
ganic minerals,  while  fewer  in  number,  are 
generally  more  intense  than  those  of  most 
organic  compounds.  Accordingly,  they  have 
been  found  useful  to  determine  very  minor 
mineral  constituents  in  mixtures.  As  little  as 
one  or  two  per  cent  of  a  carbonate  in  sedi- 
mentary rock,  or  of  a  polymorphic  form  in  a 
mineral,  may  be  determined.  Less  than  one 
per  cent  of  quartz  has  been  detected  in  sedi- 
mentary rocks,  (like  numerous  other  min- 
erals, the  sensitivity  of  detection  of  quaxtz 
using  infrared  analysis  is  greater  than  with 
x-ray  powder  patterns — traces  of  quartz  in 
clays  were  undetected  from  the  x-ray  pat- 
tern, but  easily  detected  from  the  infrared 
spectra).  Less  than  milligram  amounts  of 
most  silicates  can  usually  be  detected  from 
their  spectra. 

Quantitative  analysis,  in  general,  may  be 
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made  of  a  mixture  of  minerals,  if  each  of  the 
constituent  minerals  has  a  sharp,  well-de- 
fined absorption  band,  in  a  region  of  the  spec- 
trum where  there  is  a  mininuirn  of  interfer- 
ence from  the  absorption  bands  of  other 
constituents.  For  each  of  the  minerals  to  be 
determined,  a  standard  working  curve  is 
constructed,  relating  absorbance  at  the 
wavelength  of  the  absorption  peak  with 
weight  of  pure  mineral.  The  potassium  bro- 
mide imbedding-window  method  of  solid 
state  sampling  is  most  often  used  to  make 
quantitative  determinations  of  minerals. 

Infrared  analysis  has  also  been  of  much 
value  in  the  investigation  of  carbonaceous 
sediments.  Spectra  have  been  obtained  of 
many  different  coals  of  differing  rank  and 
geographical  location,  of  different  constitu- 
ents of  coals  such  as  anthraxylon,  of  various 
solvent  extracts  of  coals,  and  of  various  as- 
phaltenes,  tars,  and  carbohydrate  chars. 
These  spectra  have  been  studied  to  reveal 
information  on  the  structural  units  in  coal, 
and  of  the  changes  they  undergo  during  the 
processes  of  coalification  and  carbonization. 
The  highly  complex  spectra  of  these  coal- 
type  materials  have  thrown  much  useful 
light  on  their  content,  indicating  coal  struc- 
tures to  contain  both  single  ring  and  con- 
densed aromatic  structures  as  well  as 
aliphatic  methyl  and  methylene  groups,  hy- 
drogen-bonded hydroxyl  (mainly  phenolic), 
aldehyde  or  keto  groups,  and  ether  linkages. 
Many  useful  correlations  have  been  made 
between  the  rank  of  the  coal  and  the  rela- 
tive amounts  of  various  unit  structures  pres- 
ent. Undoubtedly  infrared  methods  will  play 
an  important  part  in  future  research  into 
the  nature  of  coals. 

Other  naturally  occurring  organic  mate- 
rials of  geological  interest,  besides  coals,  that 
have  been  studied  with  infrared  analysis  in- 
clude oils,  petroliferous  sandstones,  carbo- 
naceous solids  impregnated  in  sandstones 
and  shales,  carbonaceous  pellets,  unknown 
organic  coatings  on  rocks,  asphaltic  mate- 
rials, and  metalloorganic  complexes  con- 
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tained  in  petroleum.  The  spectra  of  all  of 
these  organic  materials  are  usually  too  com- 
plex for  complete  analysis,  since  the  various 
absorption  peaks  will  often  be  superimposed 
and  will  obscure  the  true  features  of  the  ab- 
sorption spectra.  Analysis  is  facilitated,  how- 
ever, if  further  extractions  are  made  of  the 
constituents  of  the  original  material  by  such 
means  of  separation  as  the  chromotographic 
column.  The  spectra  are  conveniently  inter- 
preted with  the  aid  of  the  extensive  correla- 
tions of  absorption  frequencies  of  organic 
groups,  which  appear  in  the  literature,  such 
as  Colthup's  correlation  chart,  and  also  the 
extensive  catalog  of  hydrocarbon  standard 
spectra  compiled  by  such  agencies  as  the 
American  Petroleum  Institute  and  the  Na- 
tional Bureau  of  Standards-National  Re- 
search Council.  The  spectra  reveal  possible 
information  on  the  origins  and  structures  of 
these  naturally  occurring  organic  materials, 
and  of  their  various  relationships  when  en- 
closed within  a  stratigraphic  unit. 

Infrared  analyses,  in  conjunction  with 
x-ray  and  chemical  analyses,  have  contrib- 
uted to  the  study  of  the  crystal  structures 
of  inorganic  minerals.  The  method  has  been 
particularly  useful  when  applied  to  the  study 
of  hydroxyl  and  molecular  water  groups  in 
crystals.  Unlike  x-ray  analysis,  which  is  com- 
plicated by  substances  that  readily  gain  or 
lose  water  of  hydration,  the  intensity  of  the 
separate  absorption  peaks  of  hydroxyl  and 
molecular  water  groups,  and  the  shape  and 
vibrational  frequency  of  the  hydroxyl  ab- 
sorption peak,  give  direct  indication  of 
the  relative  amounts  of  OH  and  H20  pres- 
ent, and  of  the  extent  of  hydrogen  bonding 
in  the  crystal.  One  such  application  involved 
study  of  a  new  silicate  mineral,  coffinite,  in 
which  the  very  small  size  of  the  coffinite 
crystallites  and  their  association  with  other 
fine-grained  minerals  and  with  organic  mat- 
ter precluded  separation  of  the  pure  min- 
eral; adequate  chemical  characterization 
could  not  be  made,  and  attempts  to  synthe- 
sise  the  pure  mineral  failed.  From  the  infra- 
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red  spectra,  however,  it  was  possible  to  es- 
tablish the  substitution  of  hydroxyl  groups 
for  oxygen  in  the  silicate  tetraheda,  and  infer 
the  chemical  formula  as  U  (Si04)i^x(OH)x . 
In  another  structure  study,  concerned  with 
the  nature  of  the  water  contained  in  volcanic 
glasses,  infrared  spectra  that  were  obtained 
of  samples  of  perlite  indicated  that  perlite 
contains  dominant  hydrogen-bonded  OH 
and  EUO,  with  some  monomeric  OH,  and 
little  mechanically-trapped  water,  and  this 
information  was  used  further  to  infer  the 
architecture  of  the  perlite  structure.  Simi- 
larly, in  a  study  of  montmorillonites  and 
other  clays  of  lesser  base-exchange  capacity, 
the  variation  in  the  shape  and  intensity  of 
the  OH  and  HgO  absorption  bands  with 
variation  in  hydration  were  interpreted  to 
show  the  degree  of  hydrogen  bonding  in  the 
clays,  and  also  to  rank  the  water-uptake  ac- 
cording to  the  cation  in  the  clay. 

With  the  use  of  polarized  radiation,  further 
structure  studies  may  be  made.  If  a  single 
crystal  of  the  mineral  is  oriented  with  respect 
to  the  incident  light,  then  it  is  possible,  by 
comparing  the  relative  intensities  of  absorp- 
tion of  the  bands  with  the  radiation  plane- 
polarized  in  two  perpendicular  directions,  to 
determine  the  spatial  direction  of  atomic 
groups  within  the  crystal.  For  layer  struc- 
tures, such  as  clays,  polarized  radiation  is 
particularly  useful  for  determining  the  crys- 
tallographic  anisotropy  character  of  the 
mineral.  In  mica,  the  absorption  spectra  ob- 
tained with  polarized  light  were  used  to  de- 
termine the  spatial  orientation  of  the  OH 
oscillator;  in  a  study  of  brucite,  the  polarized 
spectra  indicated  that  the  size  of  the  unit 
cell  of  brucite,  and  the  position  of  the  hydro- 
gen atoms  had  been  incorrectly  assigned 
from  x-ray  data  (thus  demonstrating  the 
much  greater  sensitivity  of  the  infrared 
method,  compared  to  that  of  the  x-ray 
method,  in  ascertaining  the  positions  of  hy- 
drogen atoms  in  crystals). 
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ROBBBT  G.  MlLKBY 

MINERALS  AND  ROCKS 

The  use  of  the  infrared  absorption  spec- 
trophotometer  for  structural  studies  and 
analysis  in  organic  chemistry  has  been  well 
known  for  a  long  time.  Its  use  in  the  inor- 
ganic and  mineralogical  field  is  of  more  re- 
cent origin  and  has  not  as  yet  been  fully 
exploited.  Absorption  curves  can  be  ob- 
tained with  samples  representing  rocks,  or 
mixed  or  individual  minerals.  The  spectra 
obtained  can  be  used  for  identification,  quan- 
tification or  structural  studies. 

Sample  Preparation 

Hunt  (1950)  described  the  use  of  deposited 
films  of  finely  divided  minerals  on  rock  salt 
windows  for  infrared  studies.  Miller  and  Wil- 
kinR  (1952)  compiled  an  excellent  catalog  of 
inorganic  spectra  obtained  using  mineral  oil 
mull  techniques.  The  value  of  the  infrared 
spectra  of  minerals  has  been  further  demon- 
strated by  a  number  of  other  workers  in  the 
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field  who  used  one  or  the  other  of  these  tech- 
niques or  modifications  of  them. 

The  deposited  film  technique  yielded  ex- 
cellent spectra  beyond  about  4  microns,  but 
was  relatively  tedious  and  time  consuming. 
There  was  a  further  possibility  of  modifica- 
tion of  the  composition  of  a  mixture  because 
of  techniques  of  gravity  separation  of  the 
components.  The  mineral  oil  mull  technique 
suffered  from  the  presence  of  interfering  ab- 
sorption bands  and  lack  of  the  desired  degree 
of  control  for  quantitative  purposes. 

In  recent  times  the  KBr-pellet  technique 
described  independently  by  Stimson  and 
Schiedt  (1952)  has  become  widely  used  for 
preparing  samples  for  the  infrared  study  of 
materials  for  which  no  suitable  solvent  can 
be  found.  Minerals,  of  course,  fit  into  this 
category.  The  KBr-pellet  technique  has  been 
shown  to  be  a  most  satisfactory  method  for 
rock  and  mineral  samples  for  in- 


frared analyses. 

Excellent  infrared  absorption  spectra  of 
minerals  can  be  obtained  with  KBr  discs 
containing  about  34  Per  cen^  °f  ^e  sample 
in  question.  A  well  tested  method  of  prepara- 
tion involves  hand  grinding  10  mg  of  the 
sample  with  10  drops  of  absolute  alcohol  in  a 
60  mm  mullite  mortar,  until  the  alcohol 
evaporates.  This  reduces  the  grain  size  to 
below  5  microns  (about  50%  minus  2  mi- 
crons) and  minimizes  effects  due  to  grain 
size.  Two  and  one-half  milligrams  of  this 
preground  sample  are  added  to  1.00  gm  of 
infrared  quality  KBr  and  blended  in  a  den- 
tist's amalgamator.  Enough  of  the  blend  is 
weighed  out  to  form  a  disc  of  the  desired 
thickness  (1  to  1.5  mm)  and  pressed  in  a 
vacuum  die.  About  65  tons  pressure  per 
square  inch  is  adequate  to  obtain  perma- 
nently clear  discs.  It  has  been  found  neces- 
sary to  grind  the  samples  under  alcohol 
because  the  structure  of  many  minerals,  par- 
ticularly those  containing  OH  groups  in  the 
lattice,  can  be  altered  in  a  few  minutes  by 
vigorous  dry  grinding.  If  careful,  consistent 
preparatory  grinding,  coupled  with  adequate 
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blending,  is  followed,  linear  calibration 
curves  for  quantitative  analysis  can  be  ob- 
tained using  standard  mineral  specimens. 

Analysis  of  Rocks 

The  infrared  method  has  several  distinct 
advantages  in  determining  rock  composition. 
The  sample  can  be  taken  directly  in  pow- 
dered form  from  an  assay  pulp  (at  minus  200 
mesh)  as  submitted  for  wet  chemical  analy- 
sis; thus,  the  petrographic  data  deduced 
from  the  infrared  analyses  are  obtained  from 
the  same  sample  undergoing  chemical  analy- 
sis. The  same  care  which  goes  into  all  stages 
of  collection  and  preparation  of  assay  sam- 
ples, therefore,  is  available  for  the  prepara- 
tion of  the  sample  for  infrared  analysis.  The 
method  is  admirably  suited  to  the  petrogra- 
phy of  fine  grained  or  even  cryptocrystalline 
rocks;  in  fact,  excellent  spectra  can  be  ob- 
tained with  samples  that  would  be  judged 
amorphous  by  x-ray  diffraction.  The  petrog- 
raphy of  a  sample  can  be  determined  even 
if  that  sample  is  a  small  grain,  a  rock  chip 
or  the  bulk  integration  of  many  hundreds  of 
feet  of  drill  core. 

When  samples  are  properly  prepared,  the 
infrared  technique  is  unaffected  by  the  grain 
size  of  the  particular  minerals,  and  can 
greatly  assist  in  rapid  quantitative  determi- 
nations of  minerals.  Coupled  with  thin-  and 
polished-section  study  of  the  rocks,  and  other 
instrumental  methods,  this  approach  greatly 
improves  the  over-all  analysis.  The  contents 
and  types  of  many  clays,  hydrated  minerals, 
carbonates,  and  silicates  in  rocks  can  be 
easily  determined  by  infrared  analysis. 

In  Figure  1  the  spectra  of  the  three  pri- 
mary minerals  found  in  a  typical  granite  are 
shown.  Absorptions  that  are  most  useful  for 
identification  of  these  constituents  are  cir- 
cled. By  measuring  the  absorption  given  by 
the  rock  at  the  points  marked  by  triangles 
and  applying  simultaneous  equations,  the 
percentages  of  those  constituents  present  in 
a  granite  sample  can  be  determined.  With 
these  fundamental  determinations,  almost  all 
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acid  igneous  rocks  may  be  correctly  catego- 
rized since,  in  general,  the  quantitative  deter- 
mination of  the  black  ferromagnesian  and 
other  accessory  minerals  is  not  essential  to 
the  classification  of  these  rocks. 

For  some  types  of  minerals  such  as  car- 
bonates the  infrared  method  is  extremely 
sensitive  and  can  be  used  for  the  detection 
and  measurement  of  quantities  down  to  0.5 
per  cent.  For  others  such  as  montmorillonite 
and  biotite,  its  value  is  restricted  to  work  in 


(Economic  Otology,  1969) 

FIG.  1.  Absorption  curves  of  major  constituent 
minerals  of  standard  granite  sample.  Bands 
marked  A  were  used  for  quantitative  analyses. 

TABLE  1.  ESTIMATED  INFBABED  LIMITS  OP 
DETECTION  OF  MINEBALS  IN  TYPICAL 

ROCK  ENVIBONMENTS 


Mineral 

Sample  Type 

Lower  Limit 
of  Detection 

Carbonates 

Any  rock 

0.5% 

Quartz 

Any  rock 

1 

Plagioclase     (An  5    to 

Any  rock 

5 

An*) 

Orthoclase 

Granite 

5 

Sericite 

Alteration 

15 

Biotite 

Shist 

50 

Augite 

Diorite 

10 

Kaolinite 

Alteration 

3 

Montmorillonite 

Alteration 

25 

Alunite 

Alteration 

3 

Jarosite 

Alteration 

3 

Chlorite 

Alteration 

15 

10.0  10.1  10.2  10.3 

WAVE    LENGTH,  MICRONS 

(Analytical  Chemistry,  1969) 

FIG.  2.  Variation  in  the  position  of  10-micron 
absorption  band  with  increasing  substitution  of 
iron  for  magnesium  in  the  octohedral  position  in 
a  series  of  chlorite  minerals.  Open  circles,  high 
aluminum  series;  filled  circles,  low  aluminum  se- 
ries. 


higher  concentration  ranges  of  the  order  of  25 
per  cent  and  above.  A  few  minerals,  such  as 
pyrite,  give  no  absorption  in  the  rock  salt 
region  (2-15  microns)  and  such  broad  shal- 
low absorptions  at  longer  wavelengths  that 
they  could  only  be  identified  at  near  100  per 
cent  concentration.  Estimated  limits  of  de- 
tection for  a  number  of  minerals  in  typical 
rock  environments  are  listed  in  Table  1. 
These  estimates  are  based  on  the  use  of  or- 
dinary instrumentation  and  preparation 
methods.  It  may  be  possible  to  exceed  them 
by  using  special  techniques. 

Structural  and  Compositional  Studies 
of  Minerals 

A  feature  of  the  infrared  spectra  of  min- 
erals of  great  potential  value  is  that  small 
structural  or  compositional  changes  cause 
distinct  spectral  changes  either  as  wave- 
length shifts  or  curve  shape  modifications  or 
both.  These  types  of  phenomena  are  illus- 
trated in  Figures  2  and  3  for  a  series  of  chlo- 
rite minerals.  Not  only  is  the  degree  of  iron 
substitution  shown  by  the  infrared  spectra 
of  these  minerals  but  there  is  indication  of  a 
possible  structural  change  as  the  aluminum 
to  silicon  ratio  changes. 

It  is  often  possible  to  fit  a  sample  into  a 
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SERIES  A 


1.35 


0.73 


9  10  II  9  10  II 

WAVE   LENGTH,  MICRONS 

(Analytical  Cfom&ry,  1969) 

FIG.  3.  Infrared  absorption  curves  in  the  9-11 
micron  region  showing  the  effect  of  decreasing 
ratio  (Y)  of  substitution  of  Al  for  Si  in  the  tetra- 
hedral  positions  in  the  crystal  lattice  of  the  mag- 
nesium chlorite  series. 

Series  A.  Low  Fe  substitution. 

Series  B.  High  Fe  substitution. 

general  classification  on  the  basis  of  the  over- 
all curve  shape  and  then  to  further  refine  the 
identification  on  the  basis  of  the  specific 
positions  at  which  absorption  bands  occur. 
Carbonates  and  sulfates,  for  instance,  have 
very  characteristic  spectra.  The  carbonates 
invariably  give  a  major  absorption  band  in 
the  vicinity  of  7  microns  and  the  sulfates 
give  a  major  band  at  about  9  microns.  Other 
absorption  bands  are  present  at  longer  wave- 
lengths which  are  more  specifically  related  to 
the  particular  cation  in  question  for  both 
carbonates  and  sulfates.  Where  solid  solu- 
tions exist,  the  positions  of  these  absorption 
bands  generally  lie  between  those  of  the 
extreme  members  of  the  series.  This  has  been 
reported  by  Thompson  and  Wadsworth 
(1957)  for  plagioclase  feldspars,  and  has 
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been  observed  for  carbonates,  olivines  and 
garnets  as  well. 

Infrared  analysis  as  applied  to  minerals  is 
a  new  but  powerful  analytical  tool;  however, 
there  is  much  yet  to  be  learned.  Several  suc- 
cessful applications  have  been  made  to  prob- 
lems in  bulk  mineralogy  of  rocks  and  metal- 
lurgical products,  but  the  most  favorable 
area  lies  in  its  ability  to  detect  slight  chemi- 
cal changes  in  minerals.  Solid  solution  phe- 
nomena are  widespread  in  mineralogy.  When 
coupled  with  x-ray  diffraction  for  crystal 
structural  analysis,  the  infrared  method 
provides  a  sensitive  measure  of  the  chemis- 
try involved. 

W.   M.  TUDDENHAM 

R.  J.  P.  LYON 

NEAR  INFRARED  SPECTROSCOPY  (with 
complete  bibliography) 

This  article  is  divided  into  two  parts:  a 
brief  survey  of  the  current  status  of  near 
infrared  spectroscopy  and  a  more  detailed 
study  of  those  weak  molecular  interactions 
responsible  for  the  "polarity"  of  solvents. 

If  we  may  agree  for  the  moment  that  the 
near  infrared  region  extends  from  the  visible 
to  about  3.5/i,  the  only  distinction  for  this 
region  is  in  the  instrumentation  used.  There 
are  four  aspects  of  this  instrumentation  that 
deserve  mention.  (1)  An  ordinary  incandes- 
cent source  radiates  a  maximum  amount  of 
energy  in  this  region  so  that  most  instru- 
ments are  not  "energy  limited."  Also  stray 
light  can  be  kept  very  low.  (2)  The  lead  sul- 
fide  detector  useful  throughout  the  near 
infrared  region  is  very  sensitive  and  rapid 
responding,  and  yields  a  large  output  signal. 
(3)  Quartz  prisms  and  gratings  of  high  dis- 
persion permit  high  resolution.  Commercial 
instruments  are  now  available  with  a  re- 
solving power  of  5000  or  more  and  custom 
built  instruments  have  achieved  values  as 
high  €ts  150,000.  (4)  Long,  accurately  meas- 
ured, and  permanently  sealed  cells  can  be 
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used,  eliminating  one  of  the  troublesome 
variables  in  quantitative  analysis. 

There  is  little  that  can  be  considered  dis- 
tinctive about  the  absorption  processes  that 
occur  in  the  near  infrared  region.  The  absorp- 
tion bands  are  very  numerous  and  narrow 
but  arise  largely  from  the  vibrations  and  ro- 
tations of  molecules.  A  few  electronic  transi- 
tions occur.  The  prime  distinction  is  that 
most  of  the  vibrations  responsible  for  near 
infrared  absorption  arise  from  motion  of  a 
hydrogen  atom  in  the  absorbing  molecule. 
Below  2.7/A  all  the  absorption  bands  are  due 
to  overtones  of  hydrogenic  stretching  vibra- 
tions or  combination  bands  involving  a  hy- 
drogenic stretching  motion  with  other  modes 
of  vibration  in  the  molecule.  These  vibration 
bands. are  interpreted  in  the  same  way  as 
other  bands  in  the  conventional  rock  salt 
region. 

One  of  the  best  ways  of  summarizing  a 
field  is  to  catalog  its  literature.  A  relatively 
large  number  of  papers  are  currently  appear- 
ing in  the  scientific  journals.  Table  1A  at- 
tempts to  classify  these  papers.  Only  those 
papers  primarily  concerned  with  the  near 
infrared  portion  of  the  spectrum  are  con- 
sidered here.  The  papers  fall  into  three  gen- 
eral types  (1)  analytical,  (2)  instrumental 
and  (3)  spectral  interpretation  of  some  mo- 
lecular property. 

The  analytical  papers  may  be  further 
categorized  as  shown  in  Table  2B.  In  almost 
all  cases  the  analyte  (components  being 
analyzed)  is  characterized  by  an  OH,  NH  or 
CH  group.  Water  has  been  analyzed  in  glyc- 
erol,  hydrazine,  freon,  organic  films,  acetone 
and  fuming  nitric  acid.  Absorption  bands  at 
2.76, 1.90  and  1.40  microns  are  used  depend- 
ing on  the  concentration  of  the  analyte. 
Where  interferences  from  other  absorption 
bands  are  severe  or  where  very  low  concen- 
trations of  water  are  being  studied  some  in- 
vestigators have  extracted  the  water  with 
glycerol  or  ethylene  glycol.  Often  the  con- 
taminating material  has  very  low  solubility 
in  these  polyhydroxy  compounds  while  water 


TABLE  1A 


Analytical        

30 

17 

Band  Assignment  

20 

Hydrogen  Bonding      

38 

Physical  Chemistry  

49 

154 

TABLE  IB 


Water                     

10 

Phenols  Alcohols                  

5 

4 

CH                   

4 

4 

Other               

3 

30 

is  extracted  quantitatively.  In  fact  anhy- 
drous glycerol  is  an  excellent  drying  agent 
for  many  organic  compounds.  Several  papers 
cover  the  analysis  of  deuterated  and  tritu- 
rated water. 

Phenols,  alcohols  and  carboxylic  acids 
have  also  been  analyzed  utilising  these  char- 
acterizing OH  absorption  bands. 

The  strong  NH  absorption  bands  of 
amines  are  located  in  a  portion  of  the  spec- 
trum where  few  other  groups  absorb  in- 
tensely, and  are  susceptible  to  good  quanti- 
tative and  qualitative  analysis. 

While  most  of  the  near  infrared  absorption 
bands  of  organic  compounds  arise  from  CH 
groups,  relatively  few  analyses  utilize  this 
fact,  probably  because  they  are  often  insuffi- 
ciently characteristic.  However,  papers  de- 
termining riTiflfl.tiirfl.tiQn,  terminal  epoxides 
and  aldehydes  may  be  found. 

Near  infrared  absorption  spectroscopy  has 
also  been  used  for  the  determination  of  oxy- 
gen and  carbon  dioxide  in  the  atmosphere. 

A  few  papers  on  emission  spectroscopy  in 
the  near  infrared  have  appeared.  A  number 
of  metallic  oxides  in  flames  emit  sharp  bands. 

Table  1C  gives  a  breakdown  of  papers  on 
physical  chemistry.  The  Physical  chemists 
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TABLE  1C 


Solvent  Shifts 

Structure 

Coordination 

Adsorption 

Refractive  Index 

Other  (Dichroism,  Reactivity  etc.) . . . 


18 
10 
6 
4 
3 
8 


TABLE  ID 


J.  Chem.  Phys 

J.  Opt.  Soc.  Amer.. . 

Anal.  Chem 

Spectrochim  Acta.. . 
J.  Amer.  Chem.  Soc. 

J.  Phys.  Chem 

Other  (24  Journals) . 


38 
18 
17 
15 
12 
11 
43 
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have  made  widespread  use  of  the  near  infra- 
red region  for  studying  hydrogen  bonding, 
coordination  and  dipolar  interactions.  In  ad- 
dition, studies  of  absorption  behavior  on 
silica  gel  have  been  made.  Also  measure- 
ments of  refractive  index,  dichroism  and  ro- 
tatory dispersion  have  been  made.  A  few 
very  interesting  correlations  between  spec- 
tral band  position  and  chemical  reactivity 
have  been  reported. 

Table  ID  lists  the  journals  in  which  most 
of  the  papers  on  near  infrared  spectroscopy 
appear  (1955-^58).  While  the  lion's  share  have 
appeared  in  the  Journal  of  Chemical  Physics, 
the  number  in  1958  seems  to  have  definitely 
decreased.  The  new  Russian  Optika  i  Spek- 
trosk  has  a  number  of  good  papers  in  it. 

The  literature  survey  has  revealed  that 
the  greatest  interest  in  near  infrared  spec- 
troscopy has  been  evidenced  by  those  inves- 
tigating hydrogen  bonding  and  solvent 
shifts.  Indeed  few  papers  on  near  infrared 
spectroscopy  can  be  found  that  do  not  men- 
tion the  hydrogen  bond.  In  my  own  opinion, 
the  term  has  been  used  too  loosely  and  should 
be  reserved  for  quantum  interactions 
wherein  the  hydrogen  atom  is  discretely,  if 


momentarily,  bonded  to  two  other  atoms. 
The  four  major  types  of  molecular  interac- 
tions are:  Dipolar,  Hydrogen  Bridge,  Co- 
ordinate Bond,  Covalent  Bond.  Only  the 
weakest  of  these,  the  dipolar  interaction  will 
be  mentioned  here. 

When  high  resolution  is  available  one  may 
easily  observe  that  the  exact  position  and 
shape  of  a  solute  absorption  band  is  depend- 
ent on  the  solvent  used.  Few  solvents  behave 
exactly  the  same  way  in  this  regard.  Fig. 
1  shows  the  type  of  spectra  obtained  with  a 
Beckman  IR-7  Spectrophotometer.  The 
upper  spectrum  is  of  acetylene  in  the  vapor 
state.  While  one  would  expect  only  one 
vibration-rotation  band,  the  C — H  stretch- 
ing mode  vz ,  an  analysis  of  the  rotational 
components  reveals  that  a  second  band, 
?2  +  ?4  +  ?6 ,  is  present.  The  high  intensity 
of  this  second  band  can  only  be  explained  by 
Fermi  resonance.  When  dissolved  in  organic 
(and  inorganic)  liquids  the  bands  change 
considerably,  losing  all  their  rotational  fine 
structure.  In  the  very  non-polar  fluorinated 
solvents  the  bands  are  shifted  very  little 
from  the  vapor  state.  With  increasing  solvent 
polarity  the  bands  move  to  lower  frequen- 
cies. In  carbon  tetrachloride,  which  generally 
produces  the  sharpest  solute  bands,  there  is 
evidence  for  the  two  bands  v*  and  vz  +  v*  + 
PS-  The  greater  perturbation  produced  by 
the  more  polar  substituted  benzene  solvents 


ACETYLENE  C«ll 
length  100mm 
pressure  25mm 
Vmox  5282*5 

IN  FLUOROCARBON 

oMiao 


100 


IN  CARBON    TETRA- 
CHLORIDE  AV-I6O 

IN  CHLOROBENZENE 

A1A27-5 

IN  IODOBENZENE 

AV-31'2 


IN  2Dt$  CARBON 
TETRACHLORIDE 
I  pt  IODOBENZENE 
AV-22-5 


FIG.  1.  Acetylene  in  various  solvents,  funda- 
mental. 
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evidently  affects  these  two  bands  differently, 
reducing  Fermi  resonance  and  thus  greatly 
suppressing  the  intensity  of  the  combination 
band. 

Fortunately  many  near  infrared  solute 
bands  arise  from  one  vibrational  motion  and 
are  simpler  to  interpret.  The  first  overtone 
of  the  acetylene  CH  stretching  band  is  an 
example.  Fig.  2  reflects  these  simpler  bands. 
The  solution  bands  are  reasonably  sym- 
metrical and  the  frequency  of  the  maximum 
as  well  as  the  breadth  at  half  maximum  ab- 
sorbance  can  be  measured  with  precision. 
Table  2  gives  these  values  for  a  number 
of  solvents.  Of  particular  interest  is  the  very 
small  perturbation  of  the  perfluorokerosene 
and  the  large  magnitude  of  the  shift  in 
methylene  iodide.  Carbon  tetrachloride  gen- 
erally produces  the  narrowest  bands.  This  is 
attributed  to  the  more  homogeneous  di- 
electric field  of  this  symmetrical  molecule. 
The  I-chlorodecane  solvent  produces  an  tin- 
symmetrical  solute  band  attributed  to  the 
presence  of  the  two  perturbing  influences  of 
the  C-C1  and  C-H  solvent  dipoles.  The  large 
breadth  of  the  solute  band  in  n-hexane  is 
unusual  and  merits  further  study. 

Solvent  shifts  of  the  above  type  have  been 
interpreted  as  due  either  to  hydrogen  bond- 
ing or  the  dielectric  field  of  the  solvent.  The 
equation  (in  a  simplified  version)  relating  the 
solvent  dielectric  continuum  to  the  perturba- 
tion is  called  the  Kirkwood-Bauer-Magat 
equation: 


or 


Values  of  C  in  this  equation  for  hydrogenic 
stretching  vibrations  have  been  reported  to 
be  between  0.02  and  0.111,  depending  on 
the  "acidity"  of  the  hydrogen.  These  C 
values  have  been  determined  assuming  that 
such  solvents  as  cyclohexane  and  carbon 
tetrachloride  are  ideal  non-polar  solvents 
which  can  be  considered  as  homogeneous 


A*O.K> 


VAPOR 


FLUOROLUBE 


CARBON  TETRACHLORIDE 
CHLOROBENZENE 


BROMOBENZENE 


1.55        T54        153        152        1.51 

WAVELENGTH  (MICRONS) 
FIG.  2.  Acetylene   in   various   solvents,    first 
overtone. 

TABLE  2.  6500cm"1  ACETYLENE  BAND 
IN  VARIOUS  SOLVENTS 


Solvent 

Shift 

Breadth 

Vapor        

v  -  6657  cm-1 

Perfluorokerosene  

12 

41 

Pluorolube  

25 

40 

ij-Hexane  

30 

54 

Carbon  Tetrachloride.  .  . 
1  -Chlorodec&ne 

42 
48 

30 

47 

Chlorob6i>zeT*e  *  T  

61 

36 

Broroobenzene        

64 

39 

Methylene  Iodide  

82 

40 

35%  Bromobenzene  
In  Fluorolube  

37 

51 

dielectrics.  This  appears  now  to  be  a  faulty 
assumption. 

To  test  the  Kirkwood-Bauer-Magat  equa- 
tion the  OH  band  of  phenol  was  studied  in 
several  solvents.  The  C  value  reported  in  the 
literature  for  phenol  is  0.050.  The  frequency 
and  band  width  of  the  OH  band  in  solution 
are  given  in  Table  3.  The  fluocarbon  solvent 
perturbs  the  band  very  little  and  the  K-B- 
M-C  value  using  a  refractive  index  value  of 
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TABLE  3.  BAND  POSITION-PHENOL  SOLUTIONS 


"m 

•i 

A? 

Vapor.  .      .       

3655.8 

Fluorocarbon  180  

3644 

15 

12 

CC14  

3613 

17 

43 

Chlorobenzene  

3577 

44.6 

79 

Iodoben7?en6   

3567 

45.0 

89 

Methylene  Iodide  

3550 

63 

106 

Benzene       

3558 

36 

98 

1.301  is  only  0.021 — considerably  less  than 
the  accepted  value.  The  C  value  for  the 
other  solvents  except  carbon  tetrachloride  is 
greater  than  0.050  and  the  conventional 
interpretation  would  classify  these  as  hy- 
drogen bonded  systems. 

If  the  C  value  of  phenol  is  actually  0.021 
or  less  (i.e.  the  contribution  to  the  perturba- 
tion attributable  to  a  dielectric  continuum) 
then  carbon  tetrachloride  cannot  be  con- 
sidered non-polar.  A  degree  of  specific  inter- 
action between  the  C-C1  moments  of  the 
carbon  tetrachloride  and  the  OH  group  of 
phenol  exists.  Fig.  3  confirms  this.  This 
spectrum  is  of  a  solution  of  phenol  (0.004W) 
in  a  mixture  of  6  %  by  volume  carbon  tetra- 
chloride and  94%  Fluocarbon  180.  The 
Fluocarbon  180  is  a  very  poor  solvent  and 
saturates  with  this  much  carbon  tetrachlo- 
ride at  room  temperature.  In  order  to  assure 
one  phase,  the  temperature  of  the  solution 
was  raised  to  about  35°C.  Analysis  of  this 
spectrum  reveals  two  bands  at  3644  and 
3626  cm.-1.  The  lower  frequency  band 
may  arise  from  phenol  molecules  the  OH 
groups  of  which  are  adjacent  to  carbon  tetra- 
chloride molecules*  If  so,  the  band  is  more 
intense  than  one  would  expect  on  the  basis 
of  the  concentration  of  carbon  tetrachloride. 
A  preferential  interaction  between  phenol 
and  carbon  tetrachloride  is  indicated. 

Phenol  in  a  mixture  of  cyclohexane  and 
Fluocarbon  oil  180  produced  a  very  similar 
appearing  spectrum  except  that  the  lower 
frequency  component  had  a  greater  half 
width. 

Assuming  that  some  interaction  occurs 


between  phenol  and  carbon  tetrachloride,  one 
may  ask  if  this  is  an  example  of  a  weak  hy- 
drogen bond.  If  the  hydrogen  bond  is  a 
quantum  interaction  wherein  an  electron 
donor  contributes  electrons  to  an  acidic  hy- 
drogen it  seems  unlikely  that  highly  electro- 
negative halogens  could  form  a  hydrogen 
bond.  Further  quantitative  measurements 
are  needed  to  decide  this  point.  Unfortu- 
nately, the  poor  solubility  of  most  com- 
pounds in  perfluoro  solvents  makes  their 
quantitative  study  difficult.  Consequently 
carbon  tetrachloride  was  chosen  as  a  solvent. 
Fig.  4  shows  the  spectrum  of  phenol  in 
mixtures  of  CCU-CH^  and  CCUCJSc .  The 


100% 


%T 


Phenol  in 

6%  CCI4   (by  vol.) 

94%  Fluorocarbon  180 

35°C 

0.50  cm. 


^  max -3  644 


3700 


cm-i 


3600 


FIG.  3.  Phenol  solution,  fundamental   shows 
''association"  of  phenol  to  carbon  tetrachloride. 
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FIG.  4.  Phenol  solutions,  fundamental  com- 
parison of  "association"  of  phenol  with  methylene 
iodide  and  with  benzene. 
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perturbations  in  benzene  and  methylene 
chloride  are  about  the  same  yet  there  are 
significant  differences  in  the  source  of  the 
perturbation.  It  is  very  difficult  to  imagine 
a  dipolar  field  large  enough  in  benzene  to 
account  for  the  shift.  However  the  pi  elec- 
trons of  the  ring  could  form  a  weak  hydrogen 
bond  with  the  OH  group.  Assuming  that  the 
phenol  does  complex  with  both  methylene 
iodide  and  benzene  and  that  the  area  under 
the  lower  frequency  band  is  a  measure  of 
the  concentration  of  these  complexes,  one 
may  calculate  the  equlibrium  constant  and 
free  energy  change  for  the  reaction  phenol 
+  solvent  <=*  complex.  Table  4  gives  the 
necessary  data.  There  is  some  uncertainty 
that  the  usual  principles  of  mass  action  can 
be  applied  here  since  the  equilibrium  con- 
stant for  the  stoichiometric  "partitioning" 
of  phenol  between  the  two  solvent  compo- 
nents would  be  0.092  and  no  complexing  of 
any  kind  need  be  postulated.  Of  course  it 
should  be  recognized  that  solubility  implies 
some  attraction.  Solvents  such  as  perfluoro- 
kerosene  which  show  very  little  shift  are 
very  poor  solvents  for  phenol.  Carrying  this 
idea  further  it  is  possible  to  show  repulsions 
between  dipoles  when  they  are  forced  to  be 
adjacent  on  the  same  molecule.  In  this  case 
bands  are  shifted  to  higher  frequencies. 

Two  other  observations  may  be  cited  to 
show  a  distinction  between  the  hydrogen 
bond  and  a  dipolar  interaction.  The  overtone 
bands  of  hydrogen  bonded  OH  groups  are 
very  weak  while  the  corresponding  bands  of 
electrostatically  perturbed  OH  groups  are  of 
normal  intensity.  Also  intermolecular  hydro- 
gen bonds  can  form  between  an  OH  group 
and  a  Lewis  base  as  long  as  steric  factors 
permit,  while  OH  groups  are  intramolecularly 
perturbed  by  halogens  only  when  steric 
effects  force  the  groups  into  juxtaposition. 

Table  5  summarizes  the  strengths  and 
perturbations  of  three  of  the  types  of  molecu- 
lar interactions.  Values  shown  here  are  only 
ranges.  The  coordinate  band  values  are  for 
one  specific  reaction,  n-amyl  alcohol  with 


TABLE  4.  PHENOL  SOLUTIONS 


Solvent 

CC'4 

CeHe 

Obit 

Concentration 

0.0258 

0.0363 

0.0395 

Moles/L 

A  max 

191 

171 

103 

L/Mole—  cm 

Integrated  A 

3880 

7570 

7000 

L/Mole—  cm 

v  max 

3613 

3558 

3550 

cncr1 

vK 

17 

36 

63 

cm"1 

K 

0.4 

0.25 

AF° 

0.5 

0.8 

Kcal/Mol 

AH 

1.9 

<0.5 

Kcal/Mol 

TABLE  5.  TYPES  OF  MOLECULAB  INTERACTIONS 
R-OH  FUNDAMENTALS 


Type 

K 

AH 

Ar 

Dipolar 

<0.3 

>-0.5 

<100  cmr1 

HBond 

0.4  to  10 

-0.5    to 

100-500 

-5.0 

Coordinate 

7X10" 

-22 

100 

Bond  (Sn  CU) 

stannic  chloride  in  a  carbon  tetrachloride 
solution.  Other  types  of  coordinate  inter- 
actions covering  a  very  wide  range  of  equi- 
librium constants  could  be  cited.  It  is  sig- 
nificant that  techniques  of  near  infrared 
spectroscopy  can  be  used  to  study  interac- 
tions covering  such  a  wide  range  of  strength. 
Future  studies  of  this  type  will  certainly  add 
much  to  our  knowledge  of  solvent  action, 
reactivity  and  other  molecular  behavior 
related  to  the  term  "polarity." 
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PAINT  PRODUCTS 

Paint  consists  of  pigments,  binders,  sol- 
vents and  minor  components,  here  called 
additives.  Since  almost  all  of  these  paint 
ingredients  exhibit  characteristic  infrared 
absorption  properties,  they  are  conveniently 
identified  from  their  infrared  spectra.  The 
purpose  of  this  section  is  to  present  a  com- 
pilation of  spectra  which  will  help  to  illus- 
trate the  usefulness  of  the  infrared  technique 
as  a  qualitative  tool  for  paint  analysis.  The 
spectra  of  typical  pigments,  binders,  sol- 
vents, and  additives  are  reproduced  in  Fig.  L 
The  samples  represented  are  summarized  in 
Tables  1  through  5. 

This  presentation  is  limited  to  the  rock 
salt  region,  the  infrared  region  from  two  to 
fifteen  microns  wavelength.  All  of  the  spectra 
were  prepared  with  a  Perkin-Elmer  Model 
21  Infrared  Spectrophotometer  equipped 
with  a  sodium  chloride  prism.  A  programed 
slit  setting  of  "Resolution  927"  and  a  wave- 
length-drive speed  of  about  one  minute  per 
micron  were  used.  All  of  the  materials  ex- 
amined are  of  commercial  quality.  Since  most 
of  the  materials  are  available  from  a  number 
of  suppliers,  the  source  of  each  sample  is 
not  given.  Many  of  the  solid  samples  were 
prepared  as  }$?  diameter  %  gram  KBr 
discs.  The  only  absorption  bands  exhibited 
by  the  disc  alone  are  those  at  2.9  and  6.1 
microns  due  to  adsorbed  moisture.  A  few 
samples  were  prepared  as  mineral  oil  mulls 
which  have  bands  at  3.45,  3.50,  6.85,  7.27, 
and  13.9  microns  due  to  the  mineral  oil. 
Where  materials  are  known  to  give  different 
spectra  by  the  KBr  and  oil  mull  method, 
both  spectra  are  shown. 

Pigments.  Pigments  are  generally  classi- 
fied as  hiding  and  non-hiding  or  extender 
pigments.  In  addition  they  are  sometimes 
classified  according  to  color  or  according  to 

(text  continued  on  p.  516) 
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whether  they  are  inorganic  or  organic  in 
nature.  Spectra  of  each  class  are  presented. 
The  spectra  of  the  following  pigments  ex- 
hibit no  characteristic  absorption  bands  and 
consequently  are  omitted: 

White  Pigments 

Titanium-Calcium,    Ti02-CaS04    (spec- 
trum is  composite  of  both  compounds) 


Lithopone,  ZnS-BaS04  (spectrum  char- 
acterizes only  BaS04  portion) 

Leaded  zinc  oxide,  ZnO-2PbS04-PbO 
(spectrum  characterizes  only  PbS04 
portion) 

Zinc  Oxide,  ZnO  (no  absorption  bands) 

Yellow  Pigments 

Cadmium  Lithopone,  CdS-BaSC>4  (only 
BaSC>4  portion  exhibits  bands) 


TABLE  1.  INFRARED  ABSORPTION  BANDS  IN  MICRONS  FOB  INORGANIC  EXTENDERS  AND 
WHITE,  BLUE,  YELLOW  AND  ORANGE  PIGMENTS  WITH  SIMPLE  SPECTBA 

(s,  strong;  ms,  medium  strong;  m,  medium;  w,  weak) 


1.  Crystalline  silica 

2.  Diatomaceous        earth 

(amorphous  silica) 

3.  Flaky  talc 

4.  Washed  kaolin  (KBr) 


5. 


(mull) 


6.  Mica 

7.  Pumice 

8.  Gypsum 

9.  Marble 

10.  Barytes 

11.  Blanc  fixe*  (BaS04) 

12.  Rutile,  TiOj 

13.  White  lead 

14.  Basic  lead  sulfate 

15.  Basic  lead  silicate 

16.  Antimony  trioxide 

17.  Iron  blue 

18.  Chrome  yellow  (KBr) 

19.  Chrome  yellow  (mull) 

20.  Chrome  yellow  (lemon) 

21.  Chrome  orange  (dark) 

22.  Molybdate  orange  (dark) 

23.  Basic  lead  silico  chro- 

mate 

24.  Zinc  yellow 

25.  Basic  zinc  chromate 

26.  Strontium  chromate 

27.  Barium  chromate 

28.  Yellow    hydrated    iron 

oxide 

29.  Green  chrome  oxide 

30.  Bone  black 


8.55(w);  9.25(8);  12.55(m);  12.85(m);  14.45(m) 
9.10(s,  broad) ;  12.55 (w) 

9.85(s);  15.00(ms) 

2.70(m,  sharp);  9.05(s);  [9.70,  9.90](s);  10.70(m);  10.95  (s);  12.65(w); 

13.27(w);  14.30(m) 
2.73(m,  sharp);  [9.00,  9.67,  9.92] (s);  [10.67,  10.97]  (ms);  12.65(w);  13.35 

(w);14.65(w,  broad) 
2.75(m);  9.75-10ts);  12.1(w);  13.35(w) 
9.00-10.00(8,  very  broad);  12.80(w) 

[2.85, 2.95]  (s);  [5.95(w),  6.17 (m)];  8.5-9.15(s,  broad) ;  15.00 (m) 
4.00(w);  5.55(w);  7.00(s,  broad);  11.45(ms);  14.07(ms) 
[8.50,  8.95,  9.25]  (s,  broad);  10.18(w) 
[8.42,  8.90,  9.30]  (s  sharp);  10.18(w) 
13-16(s,  broad) 
7.10(s);  14.70(ms) 
[8.55,  9.25]  (s,  broad);  10.35(w) 
[9-10]  (s,  very  broad);  12.55(m);  12.87(m);  14.45  (w) 
13.5(8,  broad) 

3.1(w)  4.8(s,  sharp);  7.08(m) 
11.2-11.75(s,  broad) 
11.15-12.35(8,  broad) 
9.0-9.55(8,  broad);  ll-12(s,  broad) 
11.4-11.85(s,  broad);  12.0(m) 
9.30(m,  broad);  11.65(s,  broad) 
8.5-10(s,  broad);  11. 25-11. 95 (ms,  broad);  [12.6,  12.90]  (ms);  14.45(m) 

2.92(w);3.1(w);  10.55(s);  11.1-11.4(8,  broad);  12.30(s,  broad);  14.05(s, 

broad) 

2.90(s);  10.55-ll(s,  broad);  12.15(s,  broad) 
[10.80, 11.0,  11.25,  11.45,  11.85]  (s) 

8.8(w);  9.0(w);  9.20(w);  [10.7,  11.17,  11.47,  11.67]  (s,  broad) 
[2.95,  3.20]  (s);  11.05(s);  12.60(s) 

14.5-16(6,  broad) 

4.96(w);  [6.90, 7.1]  (m);  [9.20, 9.65]  (s,  broad);  10.40(w);  11.5(w) 
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TABLE  2.  PAINT  PIGMENT  SAMPLES  AND  INFRABED  SPECTRA 


Yellow  and  Orange  Pigments 

31 
32 

Hansa  yellow,  arylide  of  acetoacetic  acid 
tt            tt           tt      tt           tt           tt 

(0.5  mg  in  KBr) 
(Mull) 

Green  Pigments 

33 
34 

Chrome  oxide  green,  Cr208 
Phthalocyanine  green,  chlorinated  copper  phthalocyanine 

(0.5  mg  in  KBr) 
(1  mg  in    "   ) 

Red  Pigments 


35 
36 
37 

38 

39 
40 
41 

Para  red,  diazotized  p-nitraniline  coupled  with  beta  naphthol 
«       tt           tt                 tt               u         tt       tt          tt 

Toluidine  red,  diazotized  m-nitro-p-toluidine  coupled  with  beta  naph- 
thol 
Toluidine  red,  diazotized  m-nitro-p-toluidine  coupled  with  beta  naph- 
thol 

Naphthol  red,  diazotized  p-nitro-o-toluidine  coupled  with  naphthol  AS 
tt         tt          tt                      tt                   tt         tt          tt         tt 

Lithol  red,  Ba  salt  of  diazotized  tobias  acid  coupled  with  beta  naphthol 

(0.5  mg  in  KBr) 
(Mull) 
(0.5  mg  in  KBr) 

(Mull) 

(1  mg  in  KBr) 
(Mull) 
(1  mg  in  KBr) 

42 
43 

44 
45 

B-O-N  red,  manganese  salts  of  various  amines  coupled  to  2-hydroxy-3- 
naphthoic  acid 
B-O-N  red,  manganese  salts  of  various  amines  coupled  to  2-hydroxy-3- 
naphthoic  acid 
Alizarine  red  lake,  alizarine  dye  precipitated  on  inert  aluminum  hy- 
drate, calcium  phosphate-sulfate  base 

(Mull) 
(1  mg  in  KBr) 

(Mull) 
(Mull) 

Black  Pigments 


46      Bone  black,  approx.  15%  carbon  with  primarily  calcium  phosphate 


(0.5  mg  in  KBr) 


Blue  Pigments 

Ultramarine,  3Na20-3Al203-6Si02-2Na2S 
(only  the  silicate  portion  is  character- 
ized) 

Green  Pigments 

Chrome  greens,  mixture  of  chrome  yellow 
and  iron  blue  (spectrum  is  composite  of 
both  ingredients) 

Red  Pigments 

Cadmium  Red  Lithopone,  CdS-CdSe- 
BaSO*  (only  BaS04  exhibits  absorp- 
tion) 

Red  lead,  Pb804  (no  absorption  bands) 
Iron  oxide,  Fe208  (no  absorption  bands) 


Black  Pigments 

Carbon  black,  elemental  carbon  (no  ab- 
sorption bands) 

Iron  black,  Fe804  (no  absorption  bands) 
Antimony  black,  Sb2Ss  (only  small  ab- 
sorption bands  appear.  These  are  be- 
lieved to  be  due  to  impurities  such  as 
antimony  carbonate  and  sulfate) 
Mineral  black,  siliceous  shale,  85%  fixed 
carbon  (only  the  siliceous  portion  ex- 
hibits absorption  bands) 
Because  of  the  relative  simplicity  of  the 
spectra  for  inorganic  extenders  and  some 
white,  blue,  yellow  and  orange  pigments, 
only  the  absorption  bands  are  listed  in  Table 
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1  for  30  samples.  The  pigments  and  spectra 
which  are  more  complex  are  listed  in  Table  2. 
The  actual  spectra  of  Table  2  are  reproduced 
in  Fig.  la. 

Binders.  The  binders  in  a  paint  formu- 
lation are  primarily  resins  and  are  classified 


according  to  chemical  structure  and  use.  The 
spectrum  of  each  resin  was  obtained  with  the 
material  as  a  liquid,  as  a  film  cast  from  solu- 
tion, or  as  a  dispersion  in  KBr.  All  the 
films  underwent  a  two  hour  treatment  at 
60°C  in  a  vacuum  oven.  The  water-based 


TABLE  3.  BINDERS  AND  INFRARED  SPECTRA 


Oils 


47 

Linseed  oil,  raw 

(liquid) 

48 

Oiticica  oil 

(liquid) 

49 
50 

Tung  oil 
Castor  oil,  dehydrated 

(liquid) 
(liquid) 

Alkyd  Resins 


51 
52 
53 

54 


Linseed  glycerol  phthalate 
Tallol  ethylene  glycol  isophthalate 
Styrenated  soya  tung  glycerol  phthalate 
Vinyl  toluenated  soya  tung  glycerol  phthalate 


(film) 
(film) 
(film) 
(film) 


Amino  Resins 


55 

Melamine-fonnaldehyde,  n-butylated 

(film) 

56 

"                  "            iso-butylated 

(film) 

57 

Benzoguanamine  "           n-butylated 

(film) 

58 

Urea                   "            n-butylated 

(film) 

59 

«                       "            iso-butylated 

(film) 

Phenolic  and  Epoxy  Resins 


60 
61 
62 
63 
64 
65 

p-fer^butylphenol-formaldehyde,  alkali  condensed 
p-phenylphenol-formaldehyde,  acid  condensed 
Epoxy  modified  Novolac  (Epiphen  849  from  Borden) 
Epoxy,  bisphenol-epichlorohydrin  type  (epoxide  equiv.  approx.     200) 

it                  ic                            ((                      ct              te                u               it          500) 

Epoxy  ester  (Dehydrated  castor  oil  ester  of  Shell  EPON  1004) 

(1.4  mg  in  KBr) 
(1.2  mg  in  KBr) 
(1  mg  in  KBr) 
(1  mg  in  KBr) 
(1  mg  in  KBr) 
(film) 

Lacquer  Resins  and  Polymers 

66 
67 
68 

69 

Cellulose  nitrate,  RS  type 
Polyvinyl  isobutyl  ether 
Polyvinyl  chloride-acetate 

Polymethyl  methacrylate-butyl  methacrylate 

(film) 
(film) 
(film,   treated  125°C 
under  vacuum) 
(film) 

Emulsion 

70 
71 
72 

Polyethyl  acrylate-methyl  methacrylate 
Polyvinyl  acetate 
Polystyrene-butadiene 

(film  on  AgCl) 
(film  "      "   ) 
(film  «      «   ) 
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resins  were  prepared  on  AgCl  windows  while 
the  other  films  were  prepared  on  NaCl 
windows. 

The  spectra  of  the  binders  are  listed  in 
Table  3. 

Solvents.  Solvents  for  paint  products  are 
usually  classified  according  to  chemical 
types.  The  solvent  spectra  listed  in  Table  4 
were  all  determined  in  a  sodium  chloride 
sealed  cell  having  a  cell  path  of  0.028  mm. 

Additives.  Paint  additives  are  materials 


TABLE  4.  SOLVENTS  AND  INFEAEED  SPECTRA 


TABLE  5.  ADDITIVES  AND  INFBABED  SPECTRA 


Aliphatic,  Alicylic,  and  Derivatives 

73 
74 
75 

76 

77 
78 

n-Heptane 
Mineral  spirits 
Cyclohexane 
Propylene  tetramer 
Perchloroethylene 
1-Nitropropane 

Aromatic  Hydrocarbons 

79 
80 
81 
82 

Toluene 
o-Xylene 
m-Xylene 
p-Xylene 

Alcohols,  Ether-Alcohols,  Ketone-  Alcohols 

83 
84 
85 
86 
87 

n-Butanol 
Isopropanol 
Ethylene  glycol  mono-butyl  ether 
Diethylene  glycol  mono-butyl  ether 
Diacetone  alcohol 

Ketones 

88 
89 
90 
91 

Acetone 
Methyl  isobutyl  ketone 
Cyclohexanone 
Isophorone 

Esters  and  Ether-Alcohol  Ester 

92 
93 
94 

n-Butyl  acetate 
Amyl  acetate 
Ethylene  glycol  mono-ethyl  ether  mono- 

Anti-Skinning  Agents 

95 
96 

Methyl  ethyl  ketoxime 
Guaiacol 

(liquid) 
(liquid) 

Agent  for  anti-flooding  and  general  enhancement 
of  good  film  formation 

97 

Dimethyl  silicone  oil 

(liquid) 

Flatting  Agent 

98 

Zinc  Stearate 

(Mull) 

Drier 

99 

Manganese  Naphthenate 

(film    on 
NaCl, 
dried 
125°C 
Vac- 
uum) 

Surfactants 

100 
101 
102 

Sodium  alkyl  aryl  sulfonate,  ani- 
onic 
Alkyl  aryl  ethylene  oxide  con- 
densate,  non-ionic 
Alkyl  dimethyl  benzyl  ammo- 
nium chloride,  cationic  (also  a 
germicide  and  anti-static) 

(1  mg  in 
KBr) 
(liquid) 

(film    on 
AgCl, 
dried 
105°C) 

Thickening  Agents 

103 
104 

Specially  modified  clay  (for  or- 
ganic systems) 
Methyl  cellulose  (for  aqueous 
systems) 

(0.3    mg 
in  KBr) 
(2  mg  in 
KBr) 

acetate 


which  are  added  to  paint  products  in  small 
quantities  to  bring  about  some  otherwise 
unattainable  property.  The  spectra  of  typical 
additives  are  listed  in  Table  5. 

JAMES  D.  McGiNNESs  AND 
CLAUDE  A.  LTJCCHESI 
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PHASE  TRANSITION  MEASUREMENTS* 
OF  WAXES 

A  method  based  on  infrared  absorption 
in  the  13-  to  14-micron  region  has  been  de- 
veloped for  determining  transition  tempera- 
tures of  commercial  waxes.  The  melting 
temperature  and  the  temperatures  at  which 
solid  phase  transitions  occur  can  be  obtained 
in  30  to  45  minutes  on  as  little  as  1  gram  of 
sample. 

Certain  properties  of  commercial  waxes, 
such  as  tensile  strength,  ductility,  seal 
strength,  and  blocking  characteristics, 
change  markedly  with  changes  in  crystal 
structure.  It  is  important,  therefore,  to  de- 
velop rapid  and  convenient  methods  for  de- 
tecting both  these  crystalline  changes  and 
the  temperatures  at  which  they  occur.  Such 
methods  can  be  applied  in  studying  the  rela- 
tionship between  the  performance  properties 
and  compositional  or  structural  changes 
occurring  in  commercial  paraffin  waxes. 

The  phase  transitions  of  normal  paraf- 
fins have  been  determined  in  a  variety  of 
ways.1*6-9  Templin,18  who  measured  the 
thermal  expansion  of  paraffins  and  petro- 
leum waxes,  found  significant  volume 
changes  for  paraffin  waxes  at  the  melting 
point  and  at  about  10°C  below  the  melting 
point.  He  also  refers  to  a  number  of  im- 
portant investigations.  A  refractometric 
method  for  determination  of  phase  trans- 
formations in  commercial  paraffin  waxes  is 
reported  by  Johnson.4 

Infrared  studies  of  polyethylenes,  glyc- 
erides,  etc.,  revealed  that  abrupt  changes  in 
the  infrared  spectra  sometimes  occur  as  the 
result  of  polymorphic  crystalline  phase 
transitions.2'  8» 6»  u  The  changes  in  absorp- 
tion characteristics  were  particularly  marked 
in  the  13.5-  to  14.0-micron  region.  The  au- 
thors observed  such  changes  in  a  large  num- 
ber of  commercial  paraffin  waxes.  The  change 
occurs  as  a  splitting  of  the  13.88-micron 

*  Abridged  from  paper  in  Analytical  Chemistry , 
90,  1005  (1958);  by  permission. 
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methylene  rocking  vibration10' u  into  a 
13.72-  and  13.92-micron  doublet  at  the  transi- 
tion temperature.  This  phenomenon  has  been 
utilized  in  developing  a  rapid  method  for 
measuring  the  transition  temperatures  of 
commercial  waxes. 

Apparatus 

The  infrared  measurements  were  obtained 
with  a  single-beam,  Beckman  IR-2  spectro- 
photometer  equipped  with  sodium  chloride 
optics.  The  sample  cell  is  similar  in  size  and 
basic  design  to  a  cell  manufactured  by  the 
Beckman  Instrument  Co.  "Nichrome"  heat- 
ing elements  were  wound  in  each  of  the  "Tran- 
site"  cell-assembly  plates  for  reheating  or 
slowing  down  the  cooling  rate  of  the  sample. 
Temperature  measurements  were  made  with 
an  iron-constantan  thermocouple  recessed  in 
a  V-shaped  groove  just  below  the  inner  surface 
of  one  of  the  salt  windows.  This  arrangement 
permitted  intimate  contact  between  sample 
and  thermocouple,  thus  TmnfmiTfng  tempera- 
ture lag.  Cooling  of  the  sample  to  the  transi- 
tion temperature  was  controlled  by  intro- 
ducing dry  nitrogen  through  a  piece  of 
perforated  copper  tubing  attached  to  one 
side  of  the  cell  holder.  The  dry  nitrogen 
vapor  was  blown  through  the  perforations 
and  onto  the  cell.  If  the  transition  tempera- 
ture was  below  ambient,  the  nitrogen  was 
precooled  by  passage  through  a  coil  placed 
in  a  temperature  control  bath.  The  sample 
cell  was  loaded  by  introducing  a  liquid 
sample  into  the  preheated  cell  from  a  heated 
hypodermic  syringe. 

Exploratory 

A  sample  of  138-40°F  (ASTM)  melting 
point,  fully  refined  commercial  paraffin 
(FRP)  wax  was  chosen  for  the  initial  study 
of  phase  transition.  Infrared  spectra  of  the 
wax  exemplify  the  effect  of  temperature  on 
the  infrared  absorption  at  the  13.73-micron 
position.  The  spectrum  of  the  wax,  scanned 
in  the  solid  phase  but  above  the  transition 
temperature,  shows  a  single  absorption  band 
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at  13.88  microns.  The  spectrum  from  a  scan 
obtained  below  the  transition  range  clearly 
exhibits  the  doublet  at  13.73  and  13.92 
microns. 

The  infrared  measurements  of  transition 
range  were  checked  by  a  differential  thermal 
analysis  that  established  the  occurrence  of  a 
phase  change  at  the  temperature  of  the  in- 
frared band  splitting.  X-ray  measurements 
made  above  and  below  the  transition  tem- 
perature also  confirmed  this  phase  change. 

Method 

Transition  temperatures  were  determined 
at  the  fixed  wave  length  of  13.73  microns. 
The  instrument  slit  width  was  adjusted  to 
give  an  initial  transmittance  level  of  at 
least  50  %  T  with  the  molten  wax  sample. 
Recording  of  the  transmittance  was  begun 
immediately  as  the  molten  sample  was 
placed  in  the  light  path.  The  cooling  was 
adjusted  between  the  melting  point  and 
transition  point  to  provide  a  rate  of  fall  of 
2°  to  3°F  per  minute.  The  transmittance 
was  recorded  continuously  until  after  the 
phase  transition  had  been  completed.  Tem- 
perature of  the  sample  was  recorded  at  inter- 
vals of  approximately  1°F. 

The  melting  point  may  be  obtained  from 
the  cooling  curve  as  the  temperature  at  the 
initial  deflection  from  the  transmittance  pla- 
teau established  above  the  solidification  point. 
The  temperature  of  this  point  is  interpolated 
to  the  nearest  0.5°F.  The  transition  temper- 
ature is  picked  in  a  siTrnlfl/r  manner,  using 
the  plateau  established  between  the  melting 
and  transition  points. 

Analytical  Results 

Table  1  gives  the  transition  measurements 
for  several  commercial  waxes.  The  repro- 
ducibility  of  the  infrared  method  was 
db0.5°F.  Transition  temperatures  by  other 
methods  were  not  available;  however,  the 
temperatures  determined  on  several  n-paraf- 
fins  by  the  infrared  method  when  compared 
with  the  data  of  Templin,18  obtained  by 


TABLE  1.  MELTING  AND  TBANSITION 

TEMPERATURE  DATA  FOB 

REFINERY  WAXES 


Melting  Temp,  °F. 

Transi- 

1 

tion 

Wax  Sample 

£ 

°F.t  *' 

TJ*O 

Infrared 

i§ 

p 

< 

Method 

138/140°F.  FRP  wax  A 

139.5 

138.8 

0.7 

114.5 

123°F.  FRP  wax 

124.0 

123.2 

0.8 

102.0 

118°F.  FRP  wax 

120.5 

118.8 

1.7 

101.0 

138/140°F.  FRP  wax  B 

139.0 

139.1 

0.1 

112.0 

124/126°F.  FRP  wax 

125.0 

125.2 

0.2 

88.5 

Heavy  wax 

156.5 

156.8 

0.3 

138.0 

HMP*  wax 

182.5 

184.8 

2.3 

... 

0  High  melting  point  wax. 

volume  expansion  measurements,  show 
reasonable  agreement.  The  infrared  method 
will  also  determine  melting  points  with  a 
reproducibility  of  ±0.5°F  which  correlate 
well  with  measurements  by  ASTM  Method 
87-42. 

Parallel  with  these  studies  of  commercial 
waxes  was  an  analysis  of  infrared  absorption 
of  pure  crystalline  n-paraffin  hydrocarbons 
(Spectrochimica  Acta,  12, 12  (1958). 

A  number  of  pure  n-paraffins  (Cir-Cse) 
have  been  studied  in  the  650-800  cm-1  in- 
frared region.  Differences  were  obtained 
between  paraffins  of  odd  and  even  carbon 
numbers  at  temperatures  below  that  of  the 
solid  phase  transitions.  Spectra  of  the  odd 
carbon  number  n-paraffins  below  C26 ,  and 
both  odd  and  even  carbon  number  n-paraf- 
fins above  €28  are  characterized  by  a  splitting 
of  the  721  cm-1  band  into  a  718-728  cm-1 
doublet.  The  even  carbon  number  n-paraf- 
fins below  C2e  axe  characterized  by  a  single 
absorption  band  at  715  cm-1.  The  observa- 
tions are  related  to  other  published  informa- 
tion concerning  crystal  structures  and  in- 
frared absorptions  of  paraffins  and  long 
hydrocarbon  chain  polymers. 

C22  and  024  normal  paraffins  were  blended 
to  obtain  mixtures  for  testing  the  effects  of 
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mixing.  Use  of  these  two  even  carbon  num- 
ber normal  paraffins  is  of  special  interest 
since  each  shows  the  single  715  cm"*1  ab- 
sorption band  below  the  transition  tempera- 
ture. The  addition  of  only  4  per  cent  wt. 
of  €22  results  in  the  occurrence  of  the  high- 
frequency  component  though  it  is  of  much 
lower  intensity  than  the  low-frequency  band. 
The  increase  in  intensity  of  the  high-fre- 
quency component  with  increasing  concen- 
tration of  €22  is  also  observed.  The  two 
bands  reached  equal  intensity  at  15  per  cent 
wt.  of  €22  with  a  further  increase  to  50  per 
cent  wt.  producing  no  additional  change. 

Of  considerable  interest  also  is  the  fact 
that  the  position  of  the  low-frequency  com- 
ponent migrates  from  715  cm""1  as  the  con- 
centration of  022  is  increased.  The  degree  of 
band  splitting  is  observed  to  be  dependent 
upon  both  concentration  and  chain  length 
of  the  minor  component.  Similar  observa- 
tions of  the  effect  of  concentration  on  degree 
of  band  splitting  have  also  been  reported  in 
earlier  work. 

The  effect  of  chain  length  was  further 
emphasized  by  blending  <5  per  cent  of 
€27  in  CM  .  The  fully  formed  doublet  was 
observed  with  both  components  exhibiting 
equal  intensity  at  718  and  728  cm"1.  These 
results  obtained  from  increasing  chain  length 
may  indicate  a  folding  of  the  longer  chain 
ends  into  the  interstices  of  the  crystal  lattice 
in  such  a  way  as  to  prevent  close  packing  of 
the  unit  cell.  A  mmilar  explanation  is  given 
for  results  obtained  from  X-ray  studies. 
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POLARIZED  INFRARED  SPECTROSCOPY 

The  usefulness  of  infrared  spectroscopy 
for  the  investigation  of  varied  chemical  and 
physicochemical  problems  is  well  recog- 
nized. A  more  specialized  adaption  which  is 
of  advantage  in  many  problems  is  the  utiliza- 
tion of  plane  polarized  infrared  radiation. 
The  absorption  of  this  radiation  by  a  solid 
species  reveals  information  about  the  direc- 
tion of  transition  moments  of  atoms  and 
groups  of  atoms  in  a  molecule  and  can  there- 
fore be  related  to  the  modes  of  vibration 
which  give  rise  to  various  absorptions  in  the 
infrared  region  of  the  spectrum.  The  absorp- 
tion band  associated  with  a  vibrational 
mode  of  a  molecule  is  most  intense  when  the 
plane  of  vibration  of  the  radiation  is  parallel 
to  the  direction  of  the  transition  moment. 
Since  these  moments  are  usually  related  to 
some  bond  direction  or  motion  of  a  group, 
measurements  with  polarized  infrared  radia- 
tion have  helped  to  give  an  improved  three- 
dimensional  view  of  molecules.  For  example, 
polarized  infrared  studies  have  shown  that 
bulky  substituents  ortho  to  a  nitro  group  on 
a  benzene  ring  cause  the  .nitro  group  to  rotate 
out  of  its  normal  position  of  planarity  with 
the  benzene  ring.  Other  things  such  as  the 
complete  coplanarity  of  the  urea  molecule 
and  the  differentiation  between  folded  and 
extended  forms  of  protein  molecules  have 
also  been  shown  with  polarized  infrared 
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radiation.  These  and  other  examples  are 
discussed  in  more  detail  below. 

One  of  the  first  workers  to  experiment  with 
polarized  infrared  light  was  Pfund1  and  in 
1906  he  introduced  the  first  selenium  reflec- 
tion polarizer.  There  was  a  period  of  relative 
inactivity  and  forty-one  years  later  Pfund 
described  an  improved  selenium  reflection 
polarizer.2  In  recent  years  the  number  of 
publications  describing  infrared  radiation 
polarizers  and  research  with  polarized  in- 
frared radiation  has  increased  many-fold 
corresponding  to  the  greater  use  of  infrared 
spectrometers  and  the  availability  of  inex- 
pensive polarizer  attachments  for  these  in- 
struments. 

The  most  useful  method  of  producing 
plane  polarized  light  in  the  visible,  ultra- 
violet and  near  infrared  (up  to  2.6  microns) 
region  of  the  spectrum  has  been  by  double 
refraction,  by  utilizing  anisotropic  materials 
such  as  calcite  (Nicol  prism)  and  quartz. 
These  materials,  however,  absorb  normal 
infrared  radiation  so  that  in  order  to  con- 
struct a  Nicol  type  prism  that  would  be 
suitable  in  the  useful  infrared  region,  we 
must  have  a  crystalline  material  which  is 
birefringent  and  transparent  in  this  region. 
None  of  the  usual  infrared  optical  materials 


have  these  qualities,  therefore,  this  method 
is  not  useful  for  producing  plane  polarized 
infrared  radiation.  Polarization  by  reflection 
and  refraction  is  more  applicable  in  this 
region. 

In  1808  Malus  showed  that  if  white  light 
was  incident  upon  the  polished  surface  of  a 
plate  glass,  the  reflected  beam  was  partially 
plane  polarized.  At  a  specific  angle,  the 
polarizing  angle,  the  reflected  beam  was  100 
per  cent  plane  polarized.  Figure  la  shows 
the  case  where  unpolarized  light  is  incident 
to  a  glass  surface.  The  angle  of  incidence  is 
not  the  polarizing  angle.  The  reflected  com- 
ponent is  richer  in  one  vector  compoiient 
(parallel  to  the  surface  of  incidence  and  per- 
pendicular to  the  plane  of  the  page)  and  the 
refracted  ray  is  richer  in  the  other  component 
perpendicular  to  the  surface  of  incidence. 
In  Figure  Ib  the  light  is  incident  at  the 
polarizing  angle  in  which  case  all  of  the  re- 
flected component  is  pure,  i.e.,  the  parallel 
vector,  however,  not  all  of  the  parallel  vector 
has  been  reflected.  Therefore,  the  refracted 
ray  contains  the  perpendicular  component 
in  addition  to  the  parallel  component  which 
was  not  reflected.  Brewster  discovered  that 
at  the  polarizing  angle  the  reflected  an(J  re- 
fracted rays  were  90°  apart.  Thus  the  polariz- 


o  b 

Fio.  1.  Polarization  of  light  by  reflection  at  a  glass  surface. 
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ing  angle  can  be  correlated  with  the  index 
of  refraction  of  any  material.  At  the  polariz- 
ing angle,  i  +  r  =  90°  and  sin  r  =  cos  i. 
From  Snell's  Law,  n  =  sin  z'/sin  r  or  n  — 
sin  i/Gos  i  =  tan  i.  The  angle  of  polarization 
is,  therefore,  dependent  on  the  refractive 
index  of  the  material.  Also  the  intensity  of 
reflected  light  increases  proportionally  with 
an  increase  in  the  refractive  index  of  differ- 
ent materials.8  Actually,  reflection  at  Brew- 
ster's  angle  (the  polarizing  angle)  is  an 
effective  method  of  securing  plane  polarized 
infrared  radiation  over  a  useful  range. 

Figure  2  shows  a  selenium  type  reflection 
polarizer  similar  to  the  type  used  by  Pfund.2 
Disadvantages  of  this  type  polarizer  are  that 
it  transmits  only  27  per  cent  of  the  original 
unpolarized  beam  intensity  and  that  place- 
ment of  this  type  of  polarizer  with  respect  to 


SOURCE 


FIG.  2.  Selenium-type  reflection  polarizer  for 
infrared  radiation. 


the  spectrometer  and  sample  is  usually  in- 
convenient. 

Transmission  polarizers  are  more  com- 
monly employed  now  for  the  infrared  region. 
This  type  polarizer  consists  of  a  series  of 
silver  chloride  or  selenium  plates  arranged 
so  that  instead  of  the  reflected  component 
being  utilized,  the  refracted  component  is 
used.  Figure  3  shows  the  behavior  of  the 
light  as  it  passes  through  a  transmission 
polarizer.  The  incident  unpolarized  radiation 
may  be  treated  as  though  the  waves  are 
vibrating  in  two  mutually  perpendicular 
planes.  Those  waves  vibrating  parallel  to  the 
plane  of  the  page,  incident  at  the  polarizing 
angle,  are  all  refracted.  The  waves  vibrating 
perpendicular  to  the  plane  of  this  page  are 
partially  reflected  and  the  remainder  re- 
fracted. Thus  the  refracted  ray  contains 
some  radiation  in  both  planes  of  polarization. 
With  a  pile  of  such  plates,  the  net  result  is 
that  the  refracted  beam  on  passing  through 
the  pile  loses  more  and  more  of  the  compo- 
nent which  is  perpendicular  to  the  page  and 
becomes  purer  in  the  other  component.  The 
fractional  polarization  of  the  radiation 
transmitted  through  a  pile  of  m  plane  parallel 
plates  of  dielectric,  with  refractive  index  ny 
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FIG.  3.  Behavior  of  radiation  on  passing  through  a  series  of  parallel  plates  oriented  to  the  radiation 
at  the  polarizing  angle  (i). 
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which  are  oriented  at  Brewster's  angle  is 
given  by  the  expression4 


P  - 


l  - 


This  expression  takes  account  of  the  multiple 
reflections  which  occur  at  the  different  sur- 
faces (2  m  surfaces).  From  the  equation  it 
can  be  seen  that  the  degree  of  polarization 
increases  with  the  number  of  plates  and  with 
an  increase  in  refractive  index.  However,  m 
is  practically  limited  due  to  loss  of  intensity 
by  absorption  in  the  plates.  Most  of  the 
polarizers  utilize  about  6  plates,  but  there 
have  been  reports  in  the  literature  in  which 
10  plate  polarizers  were  employed.  As  men- 
tioned before,  silver  chloride  and  selenium 
are  useful  plate  materials.  The  degree  of 
polarization  is  better  than  98  per  cent  with 
a  six  pile  polarizer,  with  transmissions  up  to 
47  per  cent  of  the  original  unpolarized  radi- 
ation. 

Selenium  polarizers  are  more  fragile  since 
the  plate  thickness  must  be  in  the  order  of  4 
microns  in  order  to  cut  down  on  absorption 
losses.  The  fabrication  of  this  type  polarizer 
has  been  described.6  The  thin  selenium  films 
are  vacuum  deposited  on  cellulose  nitrate 
film.  This  base  film  is  removed  by  dissolving 
in  acetone. 

A  silver  chloride  pile  transmission  polar- 
izer (Figure  4)  has  been  described  by  New- 
man and  Halford6  who  used  6  plates  of 
0.020  inch  thickness.  An  appreciable  dis- 
placement of  the  beam  arises  from  the  re- 
fraction at  each  surface  of  the  plates.  The 
displacement  is  negligible  in  the  selenium 
transmission  polarizer  since  these  films  are 
very  thin.  A  rearrangement  of  the  silver 
chloride  plates  has  been  described,  so  that 
there  is  no  displacement  of  the  beam7'8 
(Figure  5).  The  silver  chloride  does  not 
darken  appreciably  due  to  actinic  action 
from  normal  Nernst  or  globar  sources,  but 
must,  of  course,  be  shielded  from  room  light. 
Transmission  polarizers  are  commercially 


Unpolorizcd  infrared 
radiation 


FIG.  4.  A  typical  arrangement  of  silver  chloride 
films  in  a  polarizer. 


FIG.  5.  Arrangement  of  silver  chloride  films  ac- 
cording to  Makas  and  Shurcliff  (ref .  7). 

available  from  most  of  the  manufacturers  of 
the  various  infrared  spectrometers. 

In  the  near  infrared  region  polarization 
can  be  secured  by  selective  absorption  (di- 
chroic  polarizers).  Calcite  is  useful  as  an 
absorption  polarizer  at  about  4  microns.  A 
plastic  polarizing  film  is  available  which  is 
useful  from  0.8  to  2.2  microns.9 

In  the  far  infrared  region  wire  or  echelette 
gratings  secure  partially  polarized  light.8*  10» u 

Sample  Preparation.  Crystalline  mate- 
rials may  not  need  any  further  preparation 
if  the  crystal  section  is  thin  enough  and  of 
sufficient  area.  Crystals  which  are  too  thick 
can  be  cut  and  polished.  If  possible,  the  cuts 
should  be  made  in  the  direction  that  is 
parallel  or  in  known  orientation  to  one  of 
the  principal  axes.  Ideally,  it  is  desirable  to 
examine  any  crystal  in  the  form  of  several 
thin  sections,  each  containing  the  various 
pairs  of  crystal  axes.  A  technique  for  ob- 
taining thin  oriented  crystalline  specimens 
in  large  enough  area  for  normal  macro 
measurements,  is  that  of  allowing  molten 
material  to  crystallize  subject  to  a  tempera- 
ture gradient.  Halverson  and  Francel12  have 
used  this  technique.  Two  potassium  bromide 
windows  with  a  0.01-mm  spacer  are  filled 
with  the  warm  melted  sample.  One  edge  of 
the  assembly  rests  on  a  small  heater  and  the 
opposite  edge  rests  on  a  water  cooled  metal 
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bar.  The  heater  is  allowed  to  cool,  and  since 
it  cools  rather  slowly,  a  temperature  gradient 
is  set  up  along  the  cell.  As  the  cool  end  ap- 
proaches the  freezing  point,  it  is  seeded  with 
a  small  crystal.  All  the  crystals  which  form 
tend  to  be  oriented  in  the  same  direction, 
so  that  in  all  respects,  the  final  form  is  anal- 
ogous to  a  thin  single  oriented  crystal. 

Zwerdling  and  Halford18  have  reported  a 
useful  method  for  growing  single  crystals 
from  the  vapor  phase.  They  were  able  to 
produce  and  study  crystalline  benzene  at 
low  temperatures,  utilizing  polarized  infra- 
red radiation. 

Flat  thin  crystals  of  anthracene,  naphtha- 
lene and  biphenyl  have  been  formed  from 
solution,  by  a  technique  which  creates  a 
temperature  and  pressure  gradient  in  the 
solution.14  Various  techniques  of  forming 
large  crystals  are  discussed  in  specialized 
texts,15  and  such  crystals  when  cut  and 
ground  to  the  required  size  make  excellent 
specimens. 

The  preparation  of  thin  and  oriented 
polymer  films  of  sufficient  area  may  be  ac- 
complished by  several  methods.  The  most 
common  method  is  by  stretching  a  film  of 
suitable  thickness.  The  degree  of  stretching 
to  produce  orientation  may  vary  from  50 
per  cent  to  500  per  cent  or  more.  Many  of 
the  polymers  on  stretching  do  not  change 
much  in  thickness,  but  instead  tend  to 
"neck,"  i.e.,  the  width  of  the  film  becomes 
narrower.  The  per  cent  of  stretching  can  be 
simply  determined  by  marking  off  divisions 
on  the  unstretched  fil™  and  measuring  the 
separation  after  stretching.  In  some  cases, 
the  stretching  and  orientation  are  improved 
when  carried  out  at  higher  temperatures. 
Another  useful  technique  is  rolling.  The 
rolling  may  be  carried  out  directly  upon  the 
polymer  film,  or  the  film  may  be  placed  or 
melted  between  two  thin  sheets  of  silver 
chloride,  and  then  rolled.  Silver  chloride  is 
soft  enough  so  that  it  stretches  with  the 
polymer.  The  infrared  measurements  can  be 
made  with  the  silver  chloride  in  place,  or  if 
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desirable,  the  silver  chloride  can  be  removed 
easily  by  dissolving  in  sodium  thiosulfate. 

Either  stretching  or  rolling  causes  the  poly- 
mer chains  to  be  oriented  in  the  stretching 
or  rolling  direction.  The  enhancement  of 
orientation  in  the  crystalline  regions  can  be 
determined  by  x-ray  examination. 

Sample  Measurement.  As  in  nonpolar- 
ized infrared  measurements,  the  sample  is 
placed  where  the  beam  diameter  is  the 
smallest,  just  before  the  entrance  slit,  and 
placed  so  that  it  is  oriented  to  the  slit  direc- 
tion in  a  specific  way,  e.g.,  direction  of 
crystal  growth  or  direction  of  stretch  parallel 
to  the  slit.  Most  of  the  polarizers  are  de- 
signed so  that  they  are  usually  placed  in  the 
optical  path  so  as  to  polarize  the  radiation 
before  it  passes  through  the  sample.  One 
exception  is  the  polarizer  described  by  Ma- 
kas  and  Shurcliff7  which  is  placed  in  a  more 
efficient  position  between  the  sample  and 
monochrometer.  In  order  to  measure  the 
sample  with  the  two  mutually  perpendicular 
electric  vectors,  either  the  sample  is  rotated 
through  90°,  or  the  polarizer  is  rotated 
through  the  same  angle.  Quite  often  the 
sample  is  not  uniform,  for  example  in  thick- 
ness, so  that  when  the  sample  is  rotated,  it 
does  not  present  the  same  section.  For  exact 
work  with  such  samples,  the  polarizer  is 
rotated.  A  disadvantage  which  occurs  when 
the  polarizer  is  rotated,  is  that  there  are 
different  energy  transmission  values  for 
different  electric  vectors  through  the  spec- 
trometer. This  occurs  because  of  the  many 
reflecting  components  in  the  spectrometer 
itself,  which  leads  to  some  depolarization 
and  preference  for  certain  vector  compo- 
nents. One  technique  which  usually  gives 
equal  energy  transmission  as  the  polarizer 
is  rotated  through  90°  is  to  adjust  the  polar- 
izer so  that  the  vibration  plane  of  the  electric 
vector  is  45°  to  the  spectrometer  slit  for  one 
measurement.  The  polarizer  is  then  rotated 
through  90°  to  a  position  45°  on  the  other 
side  of  the  slit  for  the  second  measurement. 
Under  these  conditions  the  radiation  may 
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become  elliptically  polarized  to  a  slight  de- 


Another  useful  method  for  examining 
polymer  films  is  to  mount  the  sample  so  that 
it  can  be  tilted  about  the  vertical  axis,  paral- 
lel to  the  slit.  An  example  will  be  described 
further  on. 

In  many  cases  the  sample  size  is  limited 
to  a  fiber  or  a  minute  crystal.  On  these  oc- 
casions a  micro  illuminator  designed  for 
infrared  measurements  can  be  used  to  ad- 
vantage with  polarized  radiation.  One  differ- 
ence between  macro  and  micro  measure- 
ments which  should  be  pointed  out  is  that 
in  the  macro  measurements  the  radiation 
which  passes  through  the  sample  is  essen- 
tially parallel,  whereas  in  micro  measure- 
ments the  sample  is  at  the  focal  point  and 
the  radiation  passing  through  the  sample  is 
convergent.  For  example,  in  Figure  6,  there 
arises  a  situation  where  the  transition  mo- 
ment of  an  N — H  group  lies  perpendicular 
to  the  surface  of  radiation  incidence  (plane 
def).  No  absorption  of  this  moment  occurs 
with  the  electric  vector  "a"  (in  plane  Imn) 
which  is  parallel  to  this  moment.  However, 
when  the  radiation  is  convergent,  then  the 
resultant  electric  vector  "b"  (also  in  plane 


FIG.  6.  Effect  of  convergence.  The  N-H  group 
lies  within  crystal  in  the  plane  Imn. 


Imn)  does  give  rise  to  an  absorption  band. 
The  subject  of  convergence  has  been  treated 
by  Wood16  and  Fraser.17  If  awareness  of  the 
effects  of  convergence  is  appreciated,  then 
the  spectra  so  obtained  are  very  useful. 

Either  single  beam  or  double  beam  spec- 
trometers are  utilized  for  polarized  infrared 
measurements.  When  making  measurements 
on  a  single  beam  instrument,  or  a  double 
beam  instrument  being  used  as  a  single 
beam  instrument,  the  reference  curves  are 
obtained  with  the  polarizer  in  the  light  path 
adjusted  so  that  the  plane  of  vibration  is  in 
the  desired  direction.  The  sample  is  removed 
from  the  radiation  path.  As  in  ordinary 
measurements,  the  light  path  should  be 
masked  similarly  as  the  sample.  In  double 
beam  measurements  a  second  polarizer  is 
inserted  in  the  reference  beam,  or  the  refer- 
ence beam  is  compensated  by  appropriate 
masking.  Double  beam  microscope  systems 
have  been  briefly  reviewed  by  Wilkinson 
etal* 

Dichroism  is  observed  when  the  transition 
moment  of  a  group  lies  in  a  direction  so  that 
different  orientations  of  the  plane  polarized 
light  are  absorbed  in  varying  degrees.  The 
dichroic  ratio  of  an  absorption  band  is  ex- 
perimentally determined  by  measuring  the 
ratio  of  absorptivity  for  plane  polarized 
radiation  in  one  direction  to  the  absorptivity 
of  plane  polarized  radiation  90°  away  from 
the  original  direction.  The  type  of  dichroism, 
i.e.,  parallel  or  perpendicular,  is  a  relative 
term,  and  must  be  related  to  the  orientation 
of  the  sample,  e.g.,  relation  of  a  crystalline 
axis  with  spectrometer  slit  or  stretching  di- 
rection of  a  film.  A  quantitative  value  for 
the  dichroic  ratio  is  obtained  only  when  the 
sample  is  crystalline,  perfectly  oriented,  and 
properly  aligned  with  respect  to  the  incident 
radiation.  Errors  in  measurements  have  been 
discussed  in  detail  by  Charney.19 

Examples  of  Applications  of  Polarized 
Infrared  Radiation.  Some  examples  from 
the  literature  are  discussed  so  that  re- 
searchers may  better  appreciate  the  potential 
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uses  of  polarized  infrared  spectroscopy  and 
familiarize  themselves  with  techniques.  A 
bibliography  of  recent  studies  on  various 
materials  has  been  given  by  Gore20  and  there 
has  been  a  brief  review  of  this  subject.18 
The  subject  of  dichroism  and  crystal  struc- 
ture, including  theory  and  applications,  has 
been  summarized  by  Mathieu.21 

Most  of  the  earlier  work  utilizing  polarized 
infrared  radiation  dealt  with  inorganic  mate- 
rials. The  purpose  was  usually  to  establish 
fundamental  frequencies,  to  study  bond 
angles,  and  for  completing  and  confirming 
crystal  structure  data,  obtained  from  x-ray 
studies. 

Quantitative  polarization  studies  were 
made  of  potassium  gold  dicyanide  in  order 
to  determine  the  inclination  of  the  linear 
N — C— Au — C — N  group  with  the  crystal- 
line C  axis.22  The  crystals  were  mounted 
with  the  C  axis  perpendicular  to  the  direc- 
tion of  the  propagation  of  light  and  parallel 
to  the  slit  direction.  The  combination  band 
at  2586  cm""1  (summation  of  the  asymmetric 
C — N  stretching  vibration  at  2140  cm.-1  and 
the  symmetric  Au — C  stretching  vibration 
at  ca  446  cm.-1)  was  studied.  This  band 
which  is  polarized  in  the  same  direction  as 
the  fundamental  at  2140  cm-1,  allowed  the 
use  of  thicker  crystals.  After  establishing 
that  Beers'  law  held  for  the  slit  widths  and 
crystal  thickness  employed,  the  optical  den- 
sities with  polarized  radiation  were  deter- 
mined with  the  light  parallel  and  perpendicu- 
lar to  the  C  axis.  From  the  equation 

OP  90° 
OD  0°  ' 

the  angle  of  inclination,  a,  was  found  to  be 
28°.  Similarly  the  value  for  potassium  silver 
dicyanide  was  found  to  be  27C.28 

An  interesting  application  is  given  in  the 
work  of  Francel  who  determined  the  geom- 
etry of  the  nitro  group,  on  a  benzene  ring, 
in  the  presence  of  artho  substituents.24  In  the 
absence  of  steric  effects  the  nitro  group  is 
coplanar  with  the  phenyl  ring  because  of 
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resonance  between  the  ring  and  the  nitro 
group  as  follows: 


However,  a  large  enough  ortho  group  could 
rotate  the  nitro  group  plane  out  of  the  plane 
of  the  phenyl  ring.  A  series  of  ortho  substi- 
tuted nitrobenzenes  was  studied. 

The  nitro  group  gives  rise  to  a  symmetrical 
and  an  asymmetrical  stretching  vibration, 
at  1360  and  1540  cmr1,  respectively,  which 
have  transition  moments  as  shown  in  Figure 
7.  Fortunately  the  nitrobenzenes  crystallize 
so  that  the  planes  of  the  phenyl  rings  are 
perpendicular  to  the  direction  of  crystal 
growth.  Figure  8  shows  an  isolated  molecule 
and  its  orientation  for  measurement.  When 
the  nitro  group  is  coplanar,  both  the  sym- 
metrical and  asymmetrical  stretching  vibra- 
tions should  show  perpendicular  dichroism, 
i.e.,  the  absorptions  of  both  the  1360  and 
1540  cmr1  bands  will  be  more  intense  when 
measured  with  the  perpendicular  vector 
(Figure  8)  than  with  the  parallel  vector.  As 
the  nitro  group  rotates  out  of  the  plane  of 
the  phenyl  ring,  the  symmetrical  stretching 
vibration  should  still  exhibit  perpendicular 
dichioism,  but  the  asymmetrical  stretching 
vibration  should  show  parallel  dichroism. 


Transition    moments 


o 


i 


0 


sym.    str 
^1360    cm." 


v 

asym.  str 
~I540    cm." 


FIG.  7.  Direction  of  transition  moments  for 
symmetrical  and  asymmetrical  stretching  vibra- 
tions of  the  nitro  group. 
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Table  1  summarizes  the  results  which  showed 
that  the  chloro  and  bromo  groups  ortho  to 
the  nitro  group  were  large  enough  so  that 
steric  hindrance  prevented  coplanarity  of 
the  nitro  group  and  the  phenyl  ring. 

Waldron  and  Badger26  showed  that  the 
urea  molecule  is  completely  coplanar  by 
resolving  four  fundamental  N — H  valence 
frequencies  in  the  3  p,  region  as  shown  in 
Figure  9.  For  the  non-planar  molecule  only 
three  of  these  fundamentals  should  be  active. 
In  unpolarized  radiation  two  absorption 
bands  at  3436  and  3333  cnr"1  appear  and  it 
is  only  when  the  radiation  is  polarized  that 
these  two  bands  are  resolved  into  their  com- 
ponents. 

In  many  cases  it  has  been  possible  to 
assign  the  type  of  vibration  to  some  of  the 
fundamental  frequencies.  For  example  pro- 
teins, polypeptides  and  nylon  all  show  a 
band  at  700  cm~l  which  was  assigned  to 
either  an  in-plane  or  out-of -plane  NH  de- 
formation. The  dichroism  of  this  band  was 
studied  by  Kessler  and  Sutherland26  utilizing 
oriented  nylon  films.  It  was  found  that  the 
intensity  of  the  absorption  was  greatest 
with  the  electric  vector  perpendicular  to  the 
stretching  direction.  From  x-ray  studies  it 
was  known  that  the  nylon  crystalloids  con- 


TABLB  1.  POLARIZATIONS  OF  NITRO  GROUP 
STRETCHING  VIBRATIONS  IN  SUBSTITUTED 

NlTROBENZENES84 


FIG.  8.  Section  of  a  nitrobenzene  group  show- 
ing its  orientation  in  crystal  and  directions  of  in- 
cident electric  vectors. 
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FIG.  9.  Polarized  spectra  of  urea  crystal.  Solid 
curve,  electric  vector  perpendicular  to  tetragonal 
axis;  dashed  curve,  electric  vector  parallel  to  te- 
tragonal axis  (ref.  25). 

sisted  of  parallel  sheets,  with  backbone 
planes  lying  in  the  sheets  and  adjacent  chains 
held  together  by  internal  hydrogen  bonds. 
These  extend  perpendicular  to  the  chain 
axis.  An  in-plane  deformation  would  exhibit 
parallel  dichroism  (Figure  10).  Observation 
of  perpendicular  dichroism  indicated  that 
this  vibration  was  due  to  an  out-of -plane 
deformation. 

Most  of  the  more  recent  investigations 
have  been  directed  to  polymeric  materials. 
Studies  with  oriented  films  have  led  to  in- 
formation about  the  orientation  of  specific 
groups  to  the  polymer  chain,  configuration 
of  the  chain  axis  and  crystallinity. 

The  folded  and  extended  forms  of  pro- 
teins and  polypeptides  can  be  differentiated 
with  polarized  radiation.  The  NH  stretching 
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It  Vtetor 


Fio.  10.  Oriented  nylon  film.  The  stretching  di- 
rection and  the  spectrometer  slit  are  in  the  same 
direction  as  the  parallel  (,/)  vector. 

vibrations  at  3310  and  3060  cm"-1  show  paral- 
lel dichroism  for  a  and  ft  keratins,  polyglu- 
tamic  esters,  myosin  and  tropomyosin  which 
are  believed  to  be  in  the  folded  form,  whereas 
in  the  extended  form  which  feather  keratin 
assumes,  these  absorptions  show  perpendicu- 
lar dichroism.27  Similarly  the  NH  deforma- 
tion and  C=O  stretching  modes  show  ori- 
entation changes  in  the  different  forms.  The 
techniques  have  been  reviewed  recently.28 

The  technique  utilizing  tilted  oriented 
filmfi  has  been  applied  to  the  determination 
of  benzene  ring  orientation  in  polyethylene 
terephthalate  films.29  Radiation  with  the 
plane  of  vibration  perpendicular  to  the 
spectrometer  slit  was  used  in  the  following 
measurements.  The  polymer  was  stretched 
and  mounted  so  that  the  stretching  direction 
was  parallel  to  the  electric  vector  and  the 
film  was  rotated  about  the  vertical  axis, 
parallel  to  the  slit.  As  the  sample  was  tilted 
it  was  observed  that  bands  at  730  and  875 
cm*"1,  corresponding  to  CH  out-of-plane 
bending  modes,  increased  in  intensity.  When 
the  sample  film  was  mounted  so  that  the 
stretching  direction  was  perpendicular  to 
the  electric  vector  and  the  sample  again 
tilted,  as  before,  the  same  bands  showed 
relatively  smaller  increases  in  intensity. 
These  observations  indicate  that  the  ben- 


zene ring  planes  are  oriented  in  the  direction 
of  stretching,  but  randomly  with  respect  to 
the  film  surface.  When  a  specimen  was 
stretched  along  one  direction  and  then  per- 
pendicular to  this  direction,  the  730  and  875 
cm"1  bands  increased  on  tilting,  but  the  in- 
tensity of  the  CH  in-plane  bending  mode  at 
1020  cm-1  decreased.  The  behavior  indicates 
that  in  the  doubly  oriented  film,  the  benzene 
rings  are  oriented  with  their  planes  essenti- 
ally parallel  to  the  film  surface. 

The  infrared  flow  dichroism  of  polymers 
in  solution  was  studied  by  a  recently  devel- 
oped technique.80  Many  of  the  natural  poly- 
mers exist  primarily  in  solution  so  that  this 
method  is  important.  The  polymer  solution 
was  pumped  through  a  modified  infrared 
liquid  cell  which  was  placed  so  that  the  flow 
direction  was  parallel  to  the  spectrometer 
slit.  Sufficient  hydrodynamic  orientation  was 
obtained  with  poly-^y-benzyl-L-glutamate  so 
that  the  N— H  stretching  vibration  at  3300 
cm.-1  showed  strong  parallel  dichroism.  The 
principal  use  of  this  method  will  be  for  in- 
ferring detailed  molecular  configurations  in 
solution. 
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POLISHES  (EMULSION) 


The  systematic  analysis  of  emulsion  pol- 
ishes is  accomplished  by  the  combined  tech- 
niques of  solvent  extraction  and  infrared 
analysis.  These  products  usually  contain  10 
to  16%  non-volatile  material  (waxes,  resins, 
polymers,  emulsifiers,  etc.)  and  the  remain- 
der water. 

Sample  Preparation  for  Infrared 
Analysis.  The  infrared  spectrum  of  the 


complete  non-volatile  portion  is  easily  meas- 
ured by  depositing  the  Sim  on  a  silver  chlo- 
ride disk.  The  following  technique  is  recom- 
mended: Place  a  disk  of  silver  chloride  25 
mm  in  diameter  and  1  mm  in  thickness  in  a 
die  which  has  a  cavity  \W  *&  diameter. 
Apply  a  pressure  of  10,000  to  12,000  psi  for 
two  minutes,  producing  a  thinner  disk  of 
greater  diameter  and  consequently  having 
better  transparency.  Drill  two  holes  through 
the  disk  near  the  edge  and  directly  across 
from  each  other  and  insert  a  thin  steel  or 
copper  wire  hook  into  one  of  the  holes  in 
such  a  way  as  to  allow  the  disk  to  be  sus- 
pended by  the  wire.  Dip  the  disk  into  the 
test  emulsion  and  suspend  for  two  minutes 
in  an  oven  at  110°C.  Remove,  allow  to  cool, 
insert  the  wire  hook  in  the  opposite  hole  and 
repeat  the  dipping  and  drying  process  until 
a  film  of  sufficient  thickness  has  been  built 
up  as  indicated  by  testing  the  absorption  on 
the  spectrophotometer.  An  average  of  about 
6  dips  is  required. 

Spectra  of  Complete  Formulations. 
Qualitative  and  rough  quantitative  estima- 
tions of  the  components  of  the  emulsion  can 
be  made  by  comparison  of  the  measured  in- 
frared spectrum  with  standard  spectra  of 
known  materials.  The  first  requisite  of  this 
type  of  analysis  is  the  compilation  of  a  li- 
brary of  spectra  of  waxes,  resins,  polymers 
and  emulsifiers  common  to  the  formulation 
of  emulsion  polishes.  Spectra  of  waxes,  resins 
and  emulsifiers  were  presented  in  the  original 
paper  describing  this  work.4  A  very  complete 
library  of  polymer  spectra  is  given  by  Hum- 
mel in  his  work  "Kunststoff,  Lac  und 
Gummi  Analyse";2  other  collections  of  poly- 
mer spectra  are  given  by  Hausdorff1  and 
Kagarise  and  Weinberger.8 

The  infrared  spectrum  of  a  complete  polish 
formulation  often  yields  information  as  to 
the  type  of  wax  present,  type  of  emulsifier 
and  type  of  polymer.  The  amount  of  infor- 
mation obtained  from  a  single  formulation 
is  dependent  in  part  on  a  knowledge  of  the 
technology  of  emulsion  formulations.  K  the 
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emulsifier  is  a  sodium  soap  or  a  borax  cut  resin, 
an  absorption  band  at  1560  cm""1  will  be 
indicative  of  this;  if  it  is  a  morpholine  emulsi- 
fier, an  absorption  band  at  1110  cm"1  will  be 
present.  A  pair  of  absorption  bands  at  730 
cm*"1,  760  cm"1  are  indicative  of  a  wax  being 
present.  The  addition  of  colloidal  silica  such 
as  Du  Pont's"Ludox"  can  be  detected-by  the 
strong  bands  at  1000  to  1500  cm"1  and  at 
800  cm"1  which  are  due  to  silicon-oxygen 
bands.  A  strong  band  at  697  cm""1,  due  to 
aromatic  monosubstitution,  generally  indi- 
cates the  presence  of  styrene. 

It  is  often  possible  to  make  quantitative 
estimations  of  the  principal  components  from 
the  spectrum  of  the  emulsion  film  by  lifting 
the  relative  absorbance  of  the  C — H  de- 
formation (or  stretching)  bands  to  compen- 
sate for  variations  in  film  thickness.  For 
example,  a  method  has  been  developed  for 
determining  the  amount  of  ester  wax  present 
in  one  of  the  wax  emulsions.  The  ester  wax 
content  is  measured  by  the  absorbance  of  the 
ester  carbonyl  at  1738  cm""1,  and  the  film 
thickness  is  corrected  by  the  strength  of  the 
CH2  and  CH3  deformation  bands  at  1468 
cmr*1. 

A  similar  analysis  of  the  amount  of  a  phe- 
nolic resin  in  an  emulsion  formula  has  been 
developed.  The  absorption  band  at  1512  cm""1 
(benzene  ring  deformation)  can  be  used  to 
determine  the  per  cent  phenolic  resin  content 
of  the  formulation.  The  symmetric  aliphatic 
C — H  stretching  band  at  2830  cm""1  was  used 
on  samples  which  varied  in  phenolic  resin 
content  from  35  to  45  %;  apparently  no  seri- 
ous error  was  introduced  by  correcting  for 
film  thickness  in  this  manner.  The  results  of 

TABLE  1.  DETERMINATION  OF  PHENOLIC 
RESIN  CONTENT 


Sample 

Known 

Infrared  Detn. 

1 

35.0 

36.5 

2 

37.0 

38.5 

3 

42.0 

42.0 

4 

45.0 

45.0 

a  series  of  determinations  on  emulsions  con- 
taining known  amounts  of  this  phenolic  resin 
are  given  in  Table  1.  The  error  calculated 
from  the  standard  deviation  is  of  the  order 
of  2  %.  These  quantitative  measurements  are 
subject  to  additional  error  if  the  film  scatters 
light  and  thus  changes  shape  and  intensities 
of  absorption  bands.  The  above  methods  are 
applicable  only  when  it  is  known  that  the 
emulsion  does  not  contain  waxes  or  other 
materials  which  have  absorption  bands  in 
this  area  of  measurement.  For  example,  such 
waxes  as  carnauba,  several  IG  waxes  and 
"Duroxon  R-ll"  have  an  absorption  band  at 
1512  cm""1  and  will  interfere  with  the  deter- 
mination of  the  quantity  of  phenolic  resin  in 
an  emulsion. 

Complete  Analysis  of  Emulsion  Pol- 
ishes. If  a  complete  analysis  of  a  wax 
emulsion  is  required,  the  components  must 
be  separated  and  determined  quantitatively 
by  classical  methods  and  identified  by  infra- 
red analysis.  The  infrared  spectrum  of  the 
complete  formulation  will  furnish  sufficient 
information  to  develop  an  approach  to  the 
separation  steps  required.  The  first  step  of 
the  separation  is  always  that  of  breaking  the 
emulsion  by  adding  hydrochloric  acid  and 
filtering  to  separate  the  water-soluble  from 
the  water-insoluble  portion.  Ammonia  and 
amine  emulsifiers  are  recovered  in  the  water- 
soluble  portion  as  the  hydrochloride  salts, 
which  can  be  identified  by  infrared  charac- 
terization. Borax  will  be  found  in  the  water- 
soluble  portion  as  boric  acid  and  sodium 
chloride.  Resins,  waxes,  polymers  and  fatty 
acids  will  be  found  in  the  water-insoluble 
portion.  This  material  is  further  separated 
by  extraction  with  benzene,  heptane,  alcohol 
and  occasionally  other  solvents.  The  frac- 
tions are  finally  identified  by  infrared  char- 
acterization. Occasionally,  complete  separa- 
tions by  solvent  extraction  are  not  possible, 
and  it  will  be  necessary  either  to  resort  to 
estimations  based  on  infrared  analysis  or  to 
complete  the  separation  by  chromatography 
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on  alumina  or  "Fluorosil."  Discussion  of  these 
techniques  is  beyond  the  scope  of  this  article. 
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POLYMERS  (ESPECIALLY  DIENES) 

This  article  is  concerned  mainly  with  the 
determinations  of  the  microstructures  of 
diene  polymers  and  of  some  features  of  the 
structures  of  a-olefin  polymers.  The  princi- 
ples involved  in  these  determinations  should 
be  applicable  to  other  types  of  polymers  so 
that  an  individual  discussion  of  each  is  un- 
necessary. The  review  covers  the  published 
literature  on  these  subjects  to  the  end  of 
1958. 

The  basic  principles  and  methods  involved 
in  determining  the  composition  of  any  mix- 
ture by  infrared  spectroscopy  have  been  very 
well  described  by  Brattain,  Rasmussen  and 
Cravath.1  Basically  the  problem  is  one  of 
solving  equations  of  the  type 


D'  - 


e,c, 


where  D  is  the  absorbance  at  a  particular 
wavelength,  e  is  the  absorptivity  of  the  com- 
ponents denoted  by  the  subscripts  at  that 
wavelength,  c  is  the  concentration  of  the 
components  and  I  is  the  length  of  light  path. 
There  is  one  such  equation  for  each  com- 
ponent and  the  wavelengths  are  chosen  so 
that  one  absorptivity  (the  major)  is  much 
greater  than  the  others  (the  minor)  at  each 


wavelength.  White  et  al2  showed  how  such 
analyses  may  be  made  using  base-line  ab- 
sorbances  rather  than  true  absorbances. 
While  this  was  done  in  order  to  use  energy 
recordings  of  spectra,  the  base-line  method  is 
applicable  in  some  polymer  analyses  even 
though  the  recordings  are  made  in  absorb- 
ance or  per  cent  transmission  units.  Robin- 
son8 has  offered  further  ramifications  of  the 
general  method  making  use  of  differential 
recordings. 

In  applying  these  methods  to  determining 
the  microstructures  of  diene  polymers,  i.e., 
the  amounts  of  cis-1,4,  tama-1,4,  1,2  and 
3,4  additions  in  polybutadienes  or  polyiso- 
prenes,  the  difficulty  is  determining  the  poly- 
mer absorptivity  values.  This  arises  from  the 
fact  that,  except  for  Hevea  and  balata  which 
are  almost  completely  cts-1,4  and  Jrans-1,4 
polyisoprenes,  respectively,  no  polymers 
were  known  which  were  completely  1 ,2  (side 
vinyl,  CHsp=CH)  or  3,4  (isopropenyl 
CH*=C-CH8)  or  cts-CH=CH  or  trans- 
CH=CH,  as  in  polybutadienes.  On  this  ac- 
count the  first  attempts  at  determining  the 
amounts  of  1,2  and  Jrans-1,4  additions  in 
polybutadienes  gave  values  which  were  too 
large  since  the  absorptivities  of  pure,  low  mo- 
lecular weight  compounds  of  proper  type 
(octene-1  for  1 ,2  addition,  for  example)  were 
used. 

The  determination  of  the  microstructures 
of  polyisoprenes  will  be  considered  first  al- 
though, chronologically,  polybutadienes  were 
studied  earlier,  since  it  is  simpler.  Richardson 
and  Sacher4  developed  a  method  for  such 
analyses  using  measurements  of  the  band  at 
11.9  mM  for  the  cis-1,4  and  irans-1,4  addi- 
tions, 11.25  m/i  for  3,4  addition  and  10.98 
m/i  for  1 , 2  addition.  The  cis  and  trans  poly- 
mer absorptivities  were  determined  from 
pure  Hevea  and  balata  and  they  showed 
how  polymer  absorptivities  for  the  1,2  and 
3,4  additions  may  be  obtained,  starting  with 
those  for  pure  hydrocarbons.  The  basis  of 
this  method  was  the  assumption  that  the  in- 
tegrated band  intensity  for  each  of  these 
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structures  is  constant,  an  assumption  which 
appears  to  be  valid  according  to  the  work  of 
Francis.5  Binder  and  Ransaw6  also  discussed 
the  analyses  of  polyisoprenes  and  showed  the 
desirability  of  using  bands  at  8.85  m/*  and 
8.68  m/t  for  the  cis-1,4  and  trans-1,4  addi- 
tions, respectively,  rather  than  the  11.9  m/i 
band.  They  also  gave  two  other  methods  for 
determining  the  polymer  absorptivities  and 
showed  that  in  ordinary  emulsion  or  alkaline 
metal  catalyst  systems,  other  reactions  be- 
sides simple  1,2,  1,4  or  3,4  additions  must 
occur.  These  introduce  other  structures  into 
the  polymers  and  a  base-line  method  was 
described  to  take  account  of  the  additional 
absorptions.  Only  with  lithium  and  Ziegler 
type  catalyst  systems  have  polyisoprenes 
been  produced,  at  the  present,  which  are  free 
of  unusual  and  unknown  structures. 

Hampton7  first  described  a  method  by 
which  the  cis-1,4,  trans-1,4:  and  1,2  addi- 
tions could  be  directly  determined  in  poly- 
butadienes.  He  showed  how  the  polymer  ab- 
sorptivities can  be  determined  from  those  of 
pure  hydrocarbons  by  an  iteration  process 
involving  three  different  polybutadienes. 
One  of  these  contained  a  large  amount  of 
Jraws-1,4  addition  (low  temperature),  an- 
other large  1,2  addition  (sodium-catalyzed) 
and  the  third  larger  (20%)  os-1,4  addition 
(70-100°C  emulsion).  This  was  necessary, 
at  the  time,  because  no  essentially  pure  cis 
or  trans  or  1,2-polybutadienes  were  availa- 
ble, as  was  the  case  with  pure  cis  and  trans 
polyisoprenes.  He  used  a  band  at  13.7  m/i 
for  cis-1 ,4,  10.34  mji  for  trans  1 ,4  and  19.98 
mM  for  1 ,2  addition.  Binder8  used  essentially 
Hampton's  method  for  analyzing  polybuta- 
dienes except  that,  in  his  polymers,  the  cts- 
1,4  band  was  found  at  14.7  m/*.  He  also 
extended  the  method  to  analyzing  butadiene- 
styrene  copolymers  and  reported  the  analy- 
ses of  a  great  many  emulsion  and  sodium 
and  potassium  catalyzed  polybutadienes.9 

In  all  the  above  methods  the  validity  of 
the  analyses  was  estimated  from  the  total 
found  values.  These  are  the  sums  of  the 
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amounts  of  the  various  components  found 
in  the  analytical  polymer  solution  by  the 
spectroscopic  method  divided  by  the  amount 
of  polymer  known  to  be  in  the  solution  either 
by  the  method  of  preparing  the  solution  or 
by  determining  the  total  solids.  If  the  poly- 
mer contains  only  structures  represented  by 
the  three  or  four  components  determined, 
and  if  there  are  no  other  C=C  bonds  present, 
the  total  found  values  should  be  100  per  cent 
or  less  and  should  agree  with  the  unsatura- 
tion  determined  chemically.  In  the  method  for 
determining  absorptivities  the  only  require- 
ment is  that  the  major  absorptivities  become 
constant.  With  the  advent  of  Ziegler  type 
catalysts  and  consequently  polybutadienes 
containing  large  amounts  of  cis-1,4,  trans- 
1 , 4  or  1 , 2  additions,  it  would  be  unnecessary 
to  start  with  absorptivities  determined  from 
pure  hydrocarbons  to  obtain  the  appropri- 
ate major  polymer  absorptivities.  Although 
there  are  references  to  such  determinations, 
particularly  by  Natta,  no  details  have  yet 
been  published.  It  should  be  expected  that 
the  same  polymer  absorptivities  would  apply 
to  any  type  of  polymer  and  the  same  test 
for  the  validity  of  an  analysis  should  apply. 

Smith10  described  the  determination  of  the 
components  of  mixtures  of  polymers.  While 
this  was  concerned  mainly  with  synthetic 
rubbers  the  method  is  applicable  to,  and  has 
been  used  for,  the  analyses  of  many  types  of 
mixtures. 

Another  application  of  infrared  spectros- 
copy  is  the  determination  of  short-chain 
branching  in  polyethylenes.  This  has  been 
described  by  Bryant11  but  should  be  com- 
pared with  the  work  of  Jones  et  al.12  on 
hydrogenated  polybutadienes.  Theoretically 
the  same  method  can  be  used  to  determine 
the  number  of  CHs  groups  in  other  polymers 
but  the  proper  calibration  compounds  must 
be  used.  The  amounts  and  kinds  of  unsatura- 
tion  in  polyethylenes  may  be  determined  as 
for  polybutadienes  but  great  care  must  be 
exercised  and  calibrations  must  be  made  for 
films. 
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Infrared  spectroscopy  has  been  used  to 
determine  relative  crystallinities  in  polypro- 
pylenes  and  polyethylenes.  In  principle  it 
should  be  possible  to  determine  absolute  val- 
ues, for  some  polymers  at  least,  but,  prac- 
tically, the  intensities  of  the  crystallization 
bands  depend  markedly  upon  the  treatment 
of  the  sample.  Hence  the  error  in  such  de- 
terminations may  be  large  even  though  at- 
tempts are  made  to  treat  all  of  the  samples 
in  exactly  the  same  manner. 
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POLYMERS:  THEORY  AND  INTERPRETATION 
OF  SPECTRA 

Infrared  spectroscopic  studies  of  high  poly- 
mers have  been  undertaken  from  primarily 
two  points  of  view:  first,  for  the  purpose  of 
identification  and  quantitative  estimation  of 
certain  characteristic  groups  in  the  molecule, 
and  second,  in  order  to  arrive  at  as  detailed 
as  possible  an  interpretation  of  the  entire 
spectrum.  The  first  approach  depends  on 
the  utilization  of  empirical  correlations  de- 
rived from  studies  of  smaller  molecules  con- 
taining similar  groups.  These  correlations 


have  been  extensively  investigated,1  • 8  and 
form  the  basis  for  the  analytical  applications 
of  infrared  spectroscopy.  The  second  ap- 
proach, which  is  the  topic  of  this  article,  has 
been  developing  in  recent  years,  and  is  moti- 
vated by  the  realization  that  deeper  insights 
into  polymer  structure  and  forces  can  result 
from  a  more  complete  understanding  of  the 
spectrum.  The  methods  required  to  achieve 
such  detailed  assignments  of  the  spectrum  of 
a  polymer  are  in  general  not  new;  their  con- 
certed application  to  this  problem  is  what 
constitutes  the  change  in  approach.  We  will 
be  concerned  here  with  outlining  the  various 
aspects  of  this  approach,  and  demonstrating 
their  application  to  the  analysis  of  the  spec- 
trum of  polyethylene.  For  a  more  detailed 
discussion  of  the  topics  covered  and  applica- 
tions to  the  spectra  of  other  polymers,  refer- 
ence is  made  to  a  recent  review  article.4 

The  theory  underlying  the  origin  of  the 
spectra  of  large  molecules  is,  of  course,  no 
different  from  that  which  holds  for  smaller 
molecules.2* 6  The  difficulty  in  the  spectral 
analysis  of  high  polymers  arises  from  the 
complexity  of  the  system:  for  example,  the 
large  number  of  atoms,  even  in  the  repeat 
unit,  usually  makes  it  difficult  to  solve  the 
secular  equation  of  the  normal  vibration 
analysis.  Thus,  a  detailed  prediction  con- 
cerning the  forms  and  the  frequencies  of  the 
normal  modes  is  not  available  as  a  guide  in 
the  analysis.  It  was  therefore  natural  to  base 
early  infrared  studies  of  complex  molecules 
on  group  frequencies.  These  are  absorption 
frequencies  which  are  characteristic  of  the 
vibrations  of  certain  groups  of  atoms  (e.g., 
OH,  CH2 ,  CH8 ,  C=C,  etc.),  so  that  absorp- 
tion in  a  relatively  narrow  spectral  region 
can  in  general  be  associated  with  the  pres- 
ence of  a  particular  group  in  the  molecule. 
This  approximation  is  generally  valid  when 
the  motions  involve  groups  containing  light 
atoms  (such  as  H)  or  strong  bonds  (double 
or  triple  bonds).  However,  since  the  form 
and  frequency  of  such,  group  modes  is  also 
often  sensitive  to  the  environment,  the  com- 
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plete  dependence  on  a  group  frequency  anal- 
ysis can  often  lead  to  the  loss  of  significant 
information  contained  in  the  spectrum. 
While  the  kind  of  unique  interpretation  that 
is  usually  possible  in  the  study  of  small 
molecules  has  not  been  achieved  in  the  spec- 
tral analysis  of  high  polymers,  recent  work 
has  resulted  in  the  realization  of  a  more  de- 
tailed understanding  of  polymer  spectra  than 
would  be  possible  from  the  group  frequency 
approach  alone.  This  has  been  a  consequence 
of  certain  developments  in  the  theoretical 
and  experimental  aspects  of  the  analysis  of 
macromolecules. 

The  mechanism  of  effecting  a  spectral 
analysis  involves  two  main  steps:  (1)  a  pre- 
diction of  the  spectrum  to  be  expected  for  a 
given  polymer  chain  structure,  and  (2)  an 
assignment  of  the  observed  bands  to  the  pre- 
dicted modes  of  vibration.  The  depth  of  the 
first  part  of  the  analysis  will  determine  the 
extent  of  information  that  can  be  derived 
from  the  spectrum,  while  the  demonstration 
of  satisfactory  agreement  between  observed 
and  predicted  spectrum  provides  the  justi- 
fication for  the  assumptions  about  structure 
and  forces  which  were  made.  It  is  in  this 
way,  for  example,  that  a  spectral  analysis 
can  lead  to  structural  information  about  the 
polymer.  The  preliminary  predictive  step  in- 
volves the  application  of  two  theoretical 
techniques:  a  symmetry  analysis  and  a  nor- 
mal vibration  analysis.  We  consider  each  of 
these  in  turn. 

When  a  molecule  possesses  symmetry  it  is 
possible  to  make  many  predictions  about  the 
nature  of  its  spectrum  without  any  addi- 
tional knowledge  about  the  molecule.  By 
symmetry  we  mean  that  there  are  physical 
operations  (such  as  a  mirror  plane  or  a  rota- 
tion axis)  which,  when  performed  on  the 
molecule,  return  it  to  a  configuration  indis- 
tinguishable from  the  original  one.  The  tech- 
nique for  obtaining  this  information  involves 
the  use  of  group  theory,  and  while  its  appli- 
cation has  been  extensive  in  the  study  of 
small  molecules,  its  use  in  the  analysis  of 
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high  polymer  spectra  is  relatively  recent.  For 
details  on  the  technique,  reference  is  made 
elsewhere4;  here  we  will  quote  only  the  re- 
sults. Consider  the  planar  zigzag  chain 
structure  of  polyethylene,  (CH2)n  •  The  crys- 
tal structure  is  shown  in  Figure  1  with  its 
associated  symmetry  elements.  These  define 
a  group,  in  the  mathematical  sense,  and  by 
applying  the  methods  of  group  theory  we  can 
obtain  what  is  known  as  a  character  table, 
shown  in  Table  1.  This  character  table  tells 
us  several  things.  First,  it  indicates  that  the 
vibrational  modes  can  be  divided  into  dif- 
ferent species  (Ag,  Big,  B^,  etc.),  which 
are  characterized  by  the  behavior  of  the  vi- 
bration with  respect  to  the  various  symme- 
try elements  (+1  indicates  that  the  vi- 
bration is  symmetric  with  respect  to  the 
symmetry  element  in  question,  —  1  that  it  is 
antisymmetric).  Second,  it  gives  the  total 
number  of  modes  (ni)  that  will  be  found  in 
each  species,  and  how  these  are  subdivided 
into  pure  translations  of  the  chain  (T),  and 
translatory  (T'),  rotatory  (R'),  and  internal 
(niO  modes  of  the  component  (CH2)  groups. 
Third,  it  provides  selection  rules,  i.e.,  infor- 
mation on  whether  modes  in  a  given  species 
can  give  rise  to  infrared  absorption  or  Ra- 
man scattering.  In  the  former  case  it  also 
permits  predictions  as  to  the  diehroic  char- 
acteristics of  the  bands,  which  will  be  observ- 
able in  suitably  oriented  specimens.  Fourth, 
it  enables  the  deduction  of  the  activity 
characteristics  of  overtone  and  combination 
bands.  Finally,  it  is  frequently  possible  to 
infer,  with  the  help  of  the  character  table, 
the  symmetry  modes  of  the  chain,  i.e.,  a  set 
of  vibrations  which  satisfy  the  symmetry 
characteristics  of  the  various  species.  The  ac- 
tual normal  modes  of  vibration,  which 
strictly  speaking  are  combinations  of  sym- 
metry modes  within  a  species,  are  often 
closely  approximated  by  the  symmetry 
modes  themselves.  Possible  modes  of  this 
kind  for  polyethylene  are  shown  in  Figure  2. 
It  will  be  noted  that  the  analysis  predicts  the 
possible  splitting  of  several  chain  modes  in 
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FIG.  1.  Structure  of  crystalline  polyethylene:  cross  section  of  unit  cell  perpendicular  to  chain  axis 
H 
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(  —  <T    represents  —  C         group)  .  a  :  mirror  plane,  <ra  :  glide  plane,  Ci  :  two-fold  rotation  axis,  Crf  :  two-fold 
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screw  axis,  i:  center  of  inversion. 


TABLE  1.  CHARACTER  TABLE  AND  SELECTION  RULES  FOB  CRYSTALLINE  POLYETHYLENE 
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the  crystal.  For  example,  two  CEk  rocking 
modes  are  predicted  (the  Biu  and  B2u  modes 
in  the  middle  column  of  Figure  2b),  with 
motions  on  the  two  chains  being  in-phase 
and  out-of-phase  with  each  other,  and  if  the 
interactions  between  the  two  chains  are  large 
enough  these  two  modes  should  occur  at 
slightly  different  frequencies.  We  see,  there- 
fore, that  without  further  knowledge  of  the 
molecule  a  symmetry  analysis  permits  sig- 
nificant predictions  to  be  made  about  the 


nature  of  the  spectrum  which  is  to  be  ex- 
pected. 

Further  information  on  the  predicted  spec- 
trum can  be  derived  from  a  normal  vibration 
analysis.  The  solution  of  the  secular  equa- 
tion, with  the  use  of  the  appropriate  force 
constants,  can  give  the  forms  and  frequencies 
of  the  normal  modes,  and  thus  provide  an 
important  guide  for  the  assignments.  Al- 
though several  such  calculations  have  been 
made  for  polyethylene,  the  results  do  not 
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"  -  *  J 

b. 


seem  to  be  uniformly  successful  (seeref.  4  for 
details).  Most  of  the  modes  are  satisfactorily 
predicted,  but  in  view  of  recent  assignments, 
others  are  not.  Polyethylene  is  the  only  poly- 
mer for  which  such  detailed  computations 
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FIG.  2.  Symmetry  modes  of  the  polyethylene 
unit  cell,  a)  T  and  T'  modes,  b)  R'  modes,  c)  n«' 
modes. 


have  been  undertaken,  so  it  is  evident  that 
this  aspect  of  the  spectral  analysis  of  high 
polymers  is  in  great  need  of  additional  atten- 
tion. As  an  example  of  its  utility,  we  may 
note  that  computations  of  the  two  polyethyl- 
ene chain  skeletal  modes  predict  their  fre- 
quencies at  1065  cm-1,  for  the  Ag ,  B8g  mode, 
and  1135  cnr1,  for  the  Big ,  B2g  mode  (see 
Figure  2a) ;  the  observed  Raman  bands  are 
found  at  1061  cm"1  and  1131  cm-1,  respec- 
tively. The  computations,  therefore,  can  pro- 
vide a  firm  base  for  making  band  assign- 
ments. 

In  the  absence  of  such  detailed  normal 
vibration  calculations  we  must  depend  more 
heavily  on  various  experimental  techniques 
for  help  in  making  assignments.  Most  of 
these  techniques  have  been  available  for 
quite  some  time.  It  is  only  relatively  re- 
cently, however,  that  it  has  been  realized 
that  through  their  combined  use  a  more  de- 
tailed understanding  of  the  spectrum  can 
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FREQUENCY  in  cm"1. 


FIG.  3.  Infrared  spectrum  of  an  oriented  sample  of  (low  crystallinity)  polyethylene. :  radiation 

with  electric  vector  polarized  perpendicular  to  stretching  direction; :  radiation  with  electric  vector 

polarized  parallel  to  stretching  direction. 


emerge.  We  consider  these  several  techniques 
below. 

A  prime  requirement  for  making  a  detailed 
spectral  assignment  is  the  existence  of  com- 
plete spectral  data.  Until  recently  these  data 
were  not  generally  available.  Infrared  spec- 
tra-were usually  obtained  only  down  to  about 
650  cm"1,  whereas  significant  information  is 
often  present  down  to  100  cm"1.  Increased 
development  of  prism  materials  transparent 
in  the  far  infrared  and  the  use  of  grating 
spectrometers  have  resulted  recently  in  more 
extensive  studies  in  the  low  frequency  re- 
gion. In  the  case  of  polyethylene  there  is  not 
much  absorption  below  500  cm"1  (see  Figure 
3),  but  this  is  not  true  of  other  polymers 
(see  ref.  4).  Raman  spectra  of  polymers  are 
exceedingly  meager,  even  though  such  data 
are  very  important.  As  can  be  seen  from 
Table  1,  some  modes  do  not  exhibit  infrared 
activity  although  they  are  expected  to  be 
Raman  active.  This  will  always  be  true  when 
the  molecule  possesses  a  center  of  symmetry. 
Thus,  both  low  frequency  infrared  spectra 
and  Raman  spectra  are  important  prerequi- 
sites to  a  complete  spectral  analysis. 

The  ability  to  identify  bands  with  particu- 
lar vibrational  modes  is  the  essential  feature 
of  making  a  spectral  assignment.  In  the  ab- 
sence of  detailed  normal  vibration  calcula- 
tions the  group  frequency  approach  can 
often  be  a  useful  guide,  since  it  identifies  cer- 
tain regions  of  absorption  with  the  vibrations 
of  particular  chemical  groups.  It  frequently 
happens,  however,  that  different  group  vi- 
brations give  rise  to  absorption  in  the  same 


region,  and  it  is  then  necessary  to  have  a 
more  accurate  method  for  identifying  the 
bands.  Studies  of  deuterated  polymers  pro- 
vide such  a  means  for  identifying  hydrogen 
frequencies,  which  of  course  usually  consti- 
tute a  significant  fraction  of  the  vibrational 
modes  of  the  chain.  Since  the  force  constants 
do  not  change  when  deuterium  is  substituted 
for  hydrogen,  we  expect  the  frequencies  of 
those  modes  associated  primarily  with  the 
motion  of  hydrogen  atoms  to  be  lowered, 
roughly  by  \/2.  Thus,  the  shift  of  a  band 
on  deuteration  serves  to  identify  it  as 
originating  in  a  hydrogen  mode.  In  addition 
to  such  qualitative  arguments,  it  has  re- 
cently been  shown4  that  under  certain  cir- 
cumstances it  is  possible  to  use  the  frequency 
shift  ratio  to  identify  the  actual  mode  in- 
volved. Thus,  it  can  be  shown  that  for  an 
isolated  CH2  group  the  frequency  shift  ratios 
for  the  various  modes  should  be  as  follows: 
^(symmetric  stretching)  and  Crocking)  — 
1.379,  v*  (asymmetric  stretching)  and  d 
(bending)  -  1.349,  7*  (wagging)  -  1.323, 
and  7t  (twisting)  —  1.414.  In  cases  where 
the  CHa  modes  are  relatively  isolated  from 
those  of  the  rest  of  the  molecule  these  ratios 
should  be  closely  reproduced.  When  this  con- 
dition is  not  satisfied,  as  will  probably  be 
true  in  most  cases,  the  numerical  values  will 
not  be  reproduced,  but  it  is  to  be  expected, 
and  it  seems  to  be  found  that  the  relative 
ratios  for  the  various  modes  will  be  in  the 
order  indicated.  Thus,  deuteration  studies 
can  serve  not  only  to  identify  hydrogen 
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modes  but  can  be  of  help  in  the  assignment 
of  specific  vibrations. 

Another  important  tool  in  making  assign- 
ments is  the  use  of  polarized  infrared  radia- 
tion in  studying  the  spectra  of  oriented  poly- 
mer specimens.  In  order  for  a  vibrational 
mode  to  give  rise  to  infrared  absorption  it  is 
not  only  necessary  that  there  be  a  changing 
dipole  moment  in  the  molecule  during  the 
vibration,  but  the  electric  field  of  the  inci- 
dent radiation  must  have  a  component  along 
the  direction  of  this  molecular  transition  mo- 
ment. Therefore,  if  polymer  molecules  are 
oriented  by  stretching  or  rolling  a  specimen, 
and  spectra  obtained  with  the  electric  vector 
alternately  parallel  and  perpendicular  to  the 
stretching  direction,  it  becomes  possible  to 
determine  the  transition  moment  direction 
associated  with  the  various  absorption 
bands.  This  information  is  of  use  in  helping 
to  identify  the  modes  corresponding  to  these 
bands.  For  example,  it  will  be  seen  from 
Table  1  that  B8u  modes  are  expected  to  ex- 
hibit parallel  dichroism,  i.e.,  maximum  ab- 
sorption when  the  electric  vector  is  parallel 
to  the  direction  of  the  chain  axis  (which  for 
a  stretched  specimen  corresponds  to  the 
stretching  direction).  Thus,  bands  of  crystal- 
line polyethylene  having  this  dichroism  are 
identified  as  Bsu  modes.  Even  in  polymers 
which  do  not  have  high  symmetry  it  is  us- 
ually possible  to  infer  the  transition  moment 
directions  with  respect  to  the  chain  axis  of 
the  various  modes,  and  therefore  to  use  the 
polarized  spectrum  as  an  aid  in  the  identifi- 
cation of  bands.  When  three  mutually  per- 
pendicular transition  moments  can  be  asso- 
ciated with  the  vibrations  of  a  group  (which 
is  probably  the  case,  for  example,  for  the 
CH2  group),  it  is  possible  to  specify  the  per- 
mitted combinations  of  dichroisms  of  the  ab- 
sorption bands.  These  are  TTTCT,  <r<rir,  ircni,  and 
uuu  (JT  =  parallel,  a  =  perpendicular,  u  — 
unpolarized) .  Thus,  if  the  assignments  of  two 
of  the  modes  are  quite  certain,  their  polari- 
zations can  define  the  expected  dichroism  of 
the  third  mode,  and  thereby  assist  in  its  as- 
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signment.  In  addition  to  qualitative  informa- 
tion of  the  above  type,  quantitative  values  of 
the  dichroic  ratio  can  be  used  to  obtain  in- 
formation on  the  distribution  of  transition 
moments  in  an  oriented  specimen.  For  de- 
tails, see  ref .  4.  Polarized  spectroscopic  stud- 
ies, therefore,  are  an  important  aspect  of  any 
attempt  to  arrive  at  detailed  assignments 
of  a  polymer  spectrum. 

Finally,  it  may  be  necessary  to  examine  a 
wide  variety  of  specimens  in  order  to  under- 
stand better  the  spectrum  of  a  polymer.  If 
the  polymer  contains  any  impurities  such  as 
solvents  or  plasticizers,  then  the  spectra  of 
the  latter  must  be  known  in  order  to  sub- 
tract their  effect  from  the  observed  spectrum. 
Most  polymers  contain  a  mixture  of  crystal- 
line and  amorphous  molecules.  Because  of 
the  difference  in  symmetry  and/or  structure 
(rotationally  isomeric  forms  of  the  chain)  the 
spectra  of  these  two  components  can  be  dif- 
ferent. It  is  therefore  necessary  to  know  from 
which  phase  a  band  originates.  This  can  be 
ascertained  by  preparing  polymer  samples  of 
varying  crystaiinity  and  noting  the  varia- 
tions in  band  intensity,  or  by  examining  the 
spectrum  of  a  melted  specimen  (as  an  ana- 
logue for  the  amorphous  material)  or  of  a  low 
molecular  weight  crystalline  analogue  com- 
pound (to  give  the  spectrum  of  pure  crystal- 
line material).  As  an  example  of  the  latter, 
the  n-paraffins  serve  very  well  in  a  spectral 
study  of  polyethylene.  They  provide  an  ad- 
ditional advantage,  viz.,  it  is  usually  possible 
to  obtain  single  crystals  of  such  compounds, 
so  that  many  of  the  features  of  the  crystal- 
line spectrum  can  be  examined  in  more  de- 
tail than  is  possible  in  an  oriented  polymer 
specimen  (where  the  order  is  always  of  a 
lower  degree  than  that  of  a  single  crystal). 
In  addition,  interchain  interaction  effects 
can  be  more  easily  studied  by  means  of  the 
technique  of  preparing  solid  solutions  of  the 
normal  and  the  deuterated  molecule.  Each 
case  usually  presents  its  individual  problems 
of  this  kind,  but  the  study  of  such  varied 
specimens  is  an  important  means  of  obtain- 
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TABLE  2.  VIBEATIONAL  SPECTRUM  OF  POLYETHYLENE 
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VW 
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VW 
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ww 

if 
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VVW 

V 
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m 
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1150 
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V 
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VW 
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ww 

<r 
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VW 

V 

C 
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ww 

<r 
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8 
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1303 

w 

IT 

A 
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m 

7T 

A 
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m 

V 

A,C(?) 

7w(CH2)-g,t(?) 
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A 
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w 

7w(CH2)(Bu) 
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VW 
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m 
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C 
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C 
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VW 
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TABLE  2— Continued 


Frequency  cm'1                    Description* 
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Pol'n          Phase 

! 

f«(Ag)  +  7r(Bsu)  -  2160  (B^) 

2144 

vw 

9 

C,A 

\2  X  *(1078)  -  2156 

2221 

vw 

V 
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vw 
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7r(H68)  +  7w(1353)  -  2521 
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2635 

w 

a 

C 
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ww 

2  X  7^(1353)  -  2706 

2720 

ww,b 

7t(B,g)  +  5(Ag)  -  2735  (B*g) 

/2  X  7w(1369)  -  2738 
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<n> 

F.(OHO(Bi«) 

2874 

w 

A 
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5(Bta)  +  5(Bju)  -  2936  (B8g) 

2960 

w 

V»(CH8) 

3080 

vw 

V 

7t(Bag)  +  ^(0)(Ag)  +  7r(Biu)  -  3087  (B«u) 

3274 

ww 

V 

2  x  y(O=C)  -  3280 

3371 

VvW 

1C 

A,C 

v(OH) 

3433 

vvw 

<r 

7w(Big)  +  7t(B2g)  •+•  7r(Biu,ju)  ™  3436  (Biu,2u) 

3605 

w 

* 

C,A 

/Fa(Ag)  +  7r(Bta)   -  3614  (Biu) 

W2883)  +  7r(720)  -  3603 

|2  X  7t(Ag)  +  7t(Bju)  -  3640  (B*u) 

oo4o 

IT 

\5(Biu)  +  F+(x)(Big)  +  F+(0)(Ag)  ™  3665  (Bsu) 

~3700 

vvw 

«•(?) 

Tw(Bjg)  +  7w(Bto)  +  f^WCBn)  -  3722  (B8a) 

3810 

vvw 

V 

2  X  7rUg)  +  5CBlu)  «  3809  (Biu) 

3876 

vvw 

a 

5(B2«)  +  7t(Bjg)  +  *+(*•)  (B2g)  -  3889  (Bm) 
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TABLE  2— Continued 


Frequency,  car1 


IR 


Description* 


R.I.         Pol'n 


Phase 


Assignment! 


3900 
3982 
3989 
4027 

4055 

4106 
4185 
4221 
4255 

4327 
4629 
4695 

4888 
4987 

5076 
5107 
5181 

5397 

5453 

5488 
5662 
5770 


ww 
ww 
vw 


w 
w 
w 
mw 

m 


vw 


ms 
w 


vw 
vw 


7t(B8u)  -  3898  (B,tt) 

-  3985  (Bta) 
-  3981  (B,») 
vs(B^)  +  7r(Ag)  -  4025  (Bsu) 

4055  (Ba* 

"a(Ag)  +  7w(B8u)  -  4059  (B8u) 
+  7r(Ag)  -  4092  (Bta) 
7t(1303)  -  4186 
't(Bsg)  -  4219  (Bau) 
pa(2883)  +  7w(1369)  -  4252 
+  S(Biu)  -  4321 
+  5(Ag)  -  4339 
+  «(Bte)  -  4346 

x)  -  4635 
-  4670 

7r(Bin)  -  4705  (Bsu) 

+  7r(Blu)  »  4710 
H  7r(Blu)  -  4892  ( 
'.  ,^(Bitt,s«)  +  2  X  7t(Bau)  - 


WB1U) 


vw 

w 

m 


2X  v+(0)(Ag)  -  5004  (Bta*) 
+  v+(ir)  (Big)  +  y+(0)(Ag)  »  5079  (Bsu) 
+  7r(Ag)  +  y+(0)(Ag)  -5107 

+  Tr(Ag)  +  v+(ir)(Bjg)  «  5186 

-  5373 

-  5412 

-  5447  (B, 
-  5464  (Bi« 
.  5489  (ft.) 

+  F.(Bta)  -  5698  (Bin) 
^a(Ag)  +  ya(Bau)  —  5782  i 


*  vs  =»  very  strong,  m  =»  medium,  w  =  weak,  b  «  broad,  r  —  parallel,  <r  —  perpendicular  (<r»(b)  — 
polarization  along  a(b)  crystal  axis),  A  «  amorphous,  C  «  crystalline. 

t  F  «  stretching,  B  —  bending,  7W  =  wagging,  7t  «  twisting,  7r  —  rocking.  Amorphous  chain  funda- 
mentals and  combinations  do  not  carry  species  designation,  t  —  trans,  g  =  gauche  configuration. 


ing  information  which  is  directly  relevant  to 
the  problem  of  making  satisfactory  assign- 
ments. 

As  an  illustration  of  the  above  techniques 
we  will  describe  briefly  the  analysis  of  the 
spectrum  of  polyethylene.  For  the  detailed 
arguments  and  references  the  reader  is  re- 
ferred elsewhere.4  The  bands  observed  in  the 
infrared  and  Raman  spectra  of  polyethylene 
are  given  in  Table  2,  together  with  their 
relative  intensity,  polarization,  and  phase  of 
origin.  The  structure  of  polyethylene  is  well- 


known  from  x-ray  diffraction  studies,  and 
has  been  shown  in  Figure  1.  The  results  of 
the  symmetry  analysis  of  the  spectrum  are 
contained  in  Table  1  and  Figure  2.  Normal 
vibration  calculations  have  been  made,  and 
permit  the  satisfactory  identification  of  most 
of  the  infrared  active  modes  of  the  crystal, 
viz.,  v9 ,  va ,  6,  and  yr  •  Studies  on  single 
crystals  of  n-paraffins  indicate  that  these 
modes  are  split,  as  predicted,  and  their  po- 
larization with  respect  to  the  unit  cell  axes 
permits  species  assignments  to  be  made.  The 
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Raman  fundamentals  do  not  exhibit  split- 
ting, and  it  has  been  shown4  that  this  is  to  be 
expected  and  that  it  leads  also  to  a  unique 
species  assignment.  Some  of  the  infrared 
bands  are  due  to  impurities,  and  these  are 
fairly  readily  identified.  The  only  two  infra- 
red active  fundamentals  which  had  not  been 
satisfactorily  assigned  were  y^CEz)  and 
y<(CH2),  nor  had  the  many  weaker  bands 
been  explained  in  detail.  It  has  been  shown 
that  in  fact  the  solution  of  the  former  prob- 
lem lies  partly  in  a  satisfactory  assignment 
of  these  weaker  overtone  and  combination 
bands,  and  that  the  new  assignments,  of 
7«(CH2)  to  the  1176  cm-1  band  and  7*(CH2) 
to  the  1050  cm"1  band,  give  the  most  con- 
sistent explanation  of  the  spectrum.  The 
assignment  of  bands  to  the  crystalline  com- 
ponent then  permits  some  reasonable  con- 
clusions to  be  drawn  about  the  nature  of  the 
spectrum  of  amorphous  polyethylene.  The 
results  of  all  these  considerations  are  given 
in  the  last  column  of  Table  2.  Not  all  prob- 
lems have  been  solved:  if  the  new  assign- 
ments of  TV(CH2)  and  7«(CH2)  are  correct 
then  the  normal  vibration  calculations  are  in 
need  of  revision,  and  a  satisfactory  theory  is 
yet  to  be  developed  to  account  for  the  de- 
tails of  the  crystalline  chain  splittings.  Nev- 
ertheless, the  basic  framework  of  a  set  of 
assignments  for  polyethylene  appears  to  have 
been  established,  and  with  this  has  come  a 
deeper  understanding  of  the  properties  and 
behavior  of  this  polymer. 

The  spectra  of  many  other  high  polymers 
have  been  analyzed  to  a  similar  degree, 
though  in  most  cases  not  in  as  great  detail. 
It  seems  clear  that  when  this  has  been 
achieved  a  new  range  of  power  in  the  infra- 
red spectroscopic  tool  will  have  been  demon- 
strated. 
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RESOLUTION  AND  MIXTURE  ANALYSIS 
(AROAAATIC  AMINES) 

Near-infrared  spectroscopy  is  a  valuable 
tool  for  analyzing  mixtures  of  aromatic 
amines.  Methods  have  been  reported 
for  analyzing  mixtures  of  primary  and 
secondary  aromatic  amines  and  mixtures 
of  N-alkyl  and  N-alkyl-N-hydroxyalkyl 
aromatic  amines.8'4  A  discussion  of  these 
methods  will  illustrate  the  analytical  poten- 
tial of  near-infrared  spectroscopy. 

Primary  and  Secondary  Aromatic 
Amines.  Primary  aromatic  amines  are 
characterized  by  two  relatively  intense  ab- 
sorption bands  near  1.97  and  1.49  microns. 
The  band  at  1.97  microns  has  been  assigned 
to  a  combination  of  N — H  bending  and 
stretching  modes  and  the  one  at  1.49  microns 
to  the  first  overtone  of  the  symmetric  N — H 
stretching  vibration.1  Secondary  amines  ex- 
hibit an  overtone  band  near  1.49  microns, 
but  they  do  not  absorb  appreciably  in  the 
combination  region.  These  differences  in  ab- 
sorption, which  are  shown  by  the  spectra  of 
aniline  and  N-ethylaniline  in  Figure  1,  pro- 
vide the  basis  for  rapid,  quantitative  analyti- 
cal methods. 

The  analyses  are  normally  carried  out  on 
1  %  solutions  in  carbon  tetrachloride,  using 
10-cm  cells.  Beer's  law  is  followed  under 
these  conditions  within  the  limits  of  experi- 
mental error.  Although  the  background  ab- 
sorption of  carbon  tetrachloride  solutions  of 
amines  increases  with  time,  the  net  absorp- 
tion of  most  amines  remains  constant  for 
several  hours.  Background  corrections  can  be 
obtained  at  two  suitably  located  wave 
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Wave  length,  microns 

FIG.  1.  Near-infrared  absorption  spectra  of  some  aromatic  amines  (1%  solutions  in  carbon  tetra- 
chloride;  10-cm  cell.) 


lengths,  such  as  1575  and  1915  m**.  Closer 
attention  must  be  given  to  the  time  variable 
if  a  strong  electron-donating  substituent  is 
present,  since  these  compounds  sometimes 
react  appreciably  with  the  solvent.  Control 
of  the  slit  width  is  not  critical  if  the  half- 
intensity  band  width  is  kept  less  than  2  m/*. 

Mixtures  covering  practically  the  entire 
concentration  range  can  be  analyzed  with 
standard  deviations  of  =bl  %.  Low  concen- 
trations of  primary  amines  can  be  deter- 
mined with  greater  precision  by  using  5  or 
10  %  solutions  of  the  samples  and  measuring 
only  the  combination  band.  Over  this  lim- 
ited concentration  range,  the  relation  be- 
tween net  absorbance  and  concentration  is 
linear,  even  though  it  is  not  quite  the  same 
as  the  one  used  with  dilute  solutions.  The 
standard  deviation  for  the  determination  of 
aniline  in  N-ethylaniline  by  this  procedure 
is  about  d=0.1  %.  Differential  measurements 
in  which  a  5-10  %  solution  of  the  secondary 
amine  is  used  in  the  reference  beam  are  also 
useful  when  the  concentration  of  primary 
amine  is  low. 

Tertiary  amines  do  not  exhibit  appreciable 
absorption  in  either  the  1500-  or  the  1975-m/* 


region,  and  thus  they  do  not  interfere  with 
the  primary  and  secondary  amine  determina- 
tions. The  overtone  and  combination  bands 
of  aliphatic  amines  are  shifted  to  about  1525 
and  2000  my,  respectively.  As  a  result,  the 
absorption  of  these  amines  at  the  analytical 
wave  lengths  for  the  aromatic  amines  is 
weak,  and  the  interference  is  not  serious. 

The  molar  absorptivities  of  the  N — H 
bands  vary  by  a  factor  of  about  1.5,  depend- 
ing on  the  structure  of  the  amines;2' *•  5 
thus,  for  highest  accuracy,  calibration  data 
must  be  obtained  for  the  particular  system 
being  studied.  Approximate  group-type  anal- 
yses are  possible,  however,  if  the  compounds 
involved  are  structurally  similar. 

N-Alkyl-  and  N-Alkyl-N-Hydroxyalkyl 
Aromatic  Amines.  Many  mixtures  of 
secondary  and  tertiary  aromatic  amines  can 
be  analyzed  by  conventional  infrared  spec- 
troscopy.  The  secondary  amine  is  usually 
determined  from  the  intensity  of  the  funda- 
mental N— H  stretching  band  near  3  mi- 
crons. If,  however,  either  amine  contains  an 
hydroxyl  group,  the  0 — H  absorption  may 
mask  the  weaker  N— H  band. 

The  first  overtones  of  the  0 — H  and  N — H 
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stretching  vibrations  occur  near  1.4  and  1.5 
microns,  respectively.  The  high  resolution 
available  with  near-infrared  instruments  al- 
lows the  two  bands  to  be  resolved  easily, 
and  with  dilute  solutions  in  carbon  tetra- 
chloride,  there  is  little  mutual  interference 
at  either  wave  length  (Figure  1).  These  con- 
siderations make  near-infrared  spectroscopy 
particularly  attractive  for  the  analysis  of 
secondary  and  tertiary  aromatic  amines 
when  one  or  more  of  the  components  contain 
an  hydroxyl  group.8 

These  compounds  can  be  studied  conven- 
iently as  2  %  solutions  in  carbon  tetrachloride 
with  10-cm  cells.  The  N — H  bands  obey 
Beer's  law  over  the  0-2%  concentration 
range,  but  the  0 — H  bands  show  deviations 
due  to  intermolecular  hydrogen  bonding.  The 
effects  can  be  decreased  by  using  more  di- 
lute solutions  with  longer  cells,  by  using  a 
more  polar  solvent,  or  by  working  at  an 
elevated  temperature.  In  practice,  however, 
it  is  usually  more  convenient  to  use  working 
curves  and  to  maintain  reasonably  close  tem- 
perature control  than  it  is  to  attempt  to 
eliminate  hydrogen  bonding.  The  net  ab- 
sorption of  these  amines  in  carbon  tetrachlo- 
ride remains  practically  constant  for  24 
hours,  but  the  background  absorption  in- 
creases considerably  with  time.  Suitable 
background  corrections  can  be  obtained  from 
a  line  drawn  between  1325  and  1550  m/i. 

Standard  deviations  for  analyses  of  this 
type  are  =bl  %  or  less.  Low  concentrations 
of  secondary  amines,  however,  can  be  de- 
termined with  a  standard  deviation  of 
dbO.l  %  by  working  with  5  or  10  %  solutions 
and  measuring  only  the  N — H  band.  Differ- 
ential measurements  can  also  be  used  to 
lower  the  detection  limit  for  secondary 
amines  to  0.1  %  or  less. 

Primary  amines  interfere  seriously  with 
the  determination  of  secondary  amines.  An 
interfering  primary  amine  can  be  deter- 
mined from  the  absorption  of  its  combination 
band  near  1975  my,  however,  and  a  correc- 
tion can  be  applied  to  the  secondary  amine 
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determination.  Primary  amines  that  do  not 
contain  an  hydroxyl  group  do  not  interfere 
with  the  determination  of  tertiary  amines. 

REFERBJCES 

1.  KAYB,  W.,  Spectrochim.  Acta,  6,  257  (1964). 

2.  LIDDBL,  U.  AND  WxiLF,  0.  R.,  J.  Am.  Chem. 

Soc.,  56,  3574  (1933). 

3.  WHBTSBL,  K.  B.,  ROBEBSON,  W.  E.,  AND  KBBLL, 

M.  W.,  Anal.  Chem.,  29,  1006  (1957). 

4.  Ibid.,  30, 1594  (1958). 

5.  Ibid.,  80,  1598  (1958). 

KEBMIT  B.  WHBTSBL 

SAMPLE  PREPARATION 

Cell  Construction  and  Materials 

Most  work  in  infrared  absorption  spec- 
troscopy requires  the  use  of  cells  consisting 
of  transparent  windows  to  confine  the  sam- 
ple and  spacers  or  bodies  to  support  the 
windows  and  determine  the  sample  thick- 
ness. The  choice  of  window  material  is  lim- 
ited by  the  transparency,  strength,  inertness, 
and  availability  of  suitable  substances.  The 
alkali  halides  are  most  widely  used  in  cell 
construction,  particularly  sodium  chloride 
which  is  transparent  at  wavelengths  as  long 
as  16M  and  potassium  bromide  which  can  be 
used  to  26^.  These  crystals  are  grown  syn- 
thetically and  are  readily  available.  They 
can  be  cut  to  suitable  size  by  cleaving1  along 
a  principal  plane  using  a  sharp  instrument. 
Crystals  prepared  in  this  way  are  often  of 
sufficiently  good  optical  clarity  to  be  used 
without  additional  polishing.  When  polish- 
ing is  necessary  they  can  be  readily  rough 
ground  using  fine  emery  and  then  polished 
on  a  lap  dressed  with  a  slurry  of  cerium 
oxide  or  "Barnsite"  in  ethyl  alcohol.1  The 
surfaces  of  these  windows  are  easily  fogged 
by  exposure  to  atmospheric  water  vapor  or 
moist  samples  and,  although  it  is  sometimes 
permissible  or  even  desirable  to  use  fogged 
or  unpolished  plates,2  the  practicing  spec- 
troscopist  soon  learns  to  repolish  his  dam- 
aged windows  by  standard  or  special 
techniques.8  Other  alkaU-halides  are  some- 
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times  used  when  special  properties  are  de- 
sired. Cesium  bromide  and  cesium  iodide 
are  useful  in  the  far  infrared  to  wavelengths 
beyond  40  and  50/i,  respectively.  However, 
they  are  very  sensitive  to  attack  by  moisture. 
Although  it  is  possible  to  waterproof  rock 
salt  by  coating  with  selenium,4  usually 
other  materials  are  used  with  moist  samples 
or  water  solutions.  Such  substances  as  cal- 
cium fluoride,  lithium  fluoride,  barium 
fluoride  and  thalinm  bromide-iodide  are 
quite  resistant  to  damage  from  water  and 
can  be  polished6  • 6  to  give  good  optical  sur- 
faces. Silver  chloride  7* *• 9  is  also  quite  re- 
sistant to  damage  from  water  but  is  sensitive 
to  the  actinic  action  of  visible  light  and  is 
corrosive  to  the  base  metals.  However,  it 
can  be  protected  by  coating  with  stibnite, 
plastic,  or  silver  sulfide.10  • u  •  u  Alkali  halide 
windows  can  be  fabricated  by  pressing  finely 
ground  powder  at  elevated  temperature.18 
Such  windows  are  inexpensive  and  can  be 
discarded  when  damaged.  Unusual  window 
materials  for  special  purposes  include  dia- 
mond,14 sapphire,  arsenic  trisulfide,  plastics 
such  as  polytrifluorochloroethylene,15  poly- 
ethylene,16* 17  and  "Pliofilm",18  the  latter  two 
being  particularly  useful  in  the  far  infrared, 
and  quartz  and  special  glasses  for  use  in  the 
near  infrared. 

Windows  are  frequently  sealed  to  cell 
bodies  by  means  of  lead  gaskets  which  have 
been  wetted  with  mercury.  The  surface  of  the 
amalgamated  lead  is  soft  and  conforms 
closely  to  the  window  providing  a  leak  proof 
and  even  vacuum  and  pressure  tight  seal. 
For  thin  liquid  cells  the  gasket  serves  as  a 
spacer.  Copper  gaskets  are  also  used,  particu- 
larly when  very  thin  spacers  are  desired. 
These  are  first  treated  by  immersion  in  a 
solution  of  mercuric  chloride  in  glacial  acetic 
acid.  The  blackened  surface  of  the  gasket  is 
wiped  clean  and  is  then  amalgamated  with 
mercury.  Other  useful  gasket  materials  are 
indium  metal  and  some  polymers  which  are 
soft  and  can  be  made  to  seal  with  pressure 
alone,  and  silver  which  can  be  used  in  con- 


tact with  silver  chloride.  Low  melting  waxes, 
greases,  cements,  and  resins  such  as  glyptal 
and  the  epoxy  resins  are  also  widely  used  in 
cell  construction.  Low  melting  solders,19  for 
example  those  containing  indium,  can  some- 
times be  used  for  mounting  windows,  and 
silver  chloride20  •21'22-23  can  be  melted  and 
used  as  a  sealing  agent. 

Liquid  Samples 

Liquid  samples  are  probably  the  easiest 
to  handle  in  infrared  spectroscopy.  Typi- 
cally, a  liquid  layer  between  0.02  and  0.1  mm 
in  thickness  is  required  to  produce  a  useful 
spectrum.  For  optimum  sensitivity  in  quan- 
titative analysis,  the  cell  should  be  of  such 
thickness  that  the  band  being  measured 
transmits  about  thirty-seven  per  cent  of  the 
incident  radiation.24  A  cell  can  be  demount- 
able, in  which  case  the  sample  and  a  spacer 
are  placed  on  one  window,  covered  with 
another  window,  and  the  entire  sandwich  is 
clamped  together  (Figure  1).  The  spacer  can 
be  omitted  in  the  case  of  very  viscous  sam- 
ples or  when  extremely  thin  layers  are  re- 
quired. It  is  not  easy  to  assemble  demount- 
able cells  with  reproducible  thickness 
because  thin  spacers  are  easily  wrinkled  and 
dust  particles  and  sample  tend  to  become 
trapped  between  the  spacer  and  the  window. 
The  use  of  a  loop  of  fine  wire  as  a  spacer  has 
been  found  to  give  more  reproducible  cell 
thicknesses.  Windows  for  demountable  cells 
have  been  prepared28  by  etching  a  depression 
in  a  flat  window  with  water  or  a  water- 
alcohol  mixture.  Such  cells  require  no 
spacer.  When  closely  controlled  thickness  is 
necessary,  as  in  quantitative  analysis,  or 
when  the  sample  is  too  volatile  to  be  con- 
tained in  a  demountable  cell,  a  sealed  cell 
must  be  used.26'  27» *  These  are  usually  con- 
structed with  amalgamated  lead  or  copper 
gaskets  and  spacers.  A  convenient  form  of 
cell  is  provided  with  tapered  fittings  to 
accept  hypodermic  syringes  for  filling  (Fig- 
ure 1).  The  taper  can  be  plugged  after 
filling  or  the  syringe  can  be  left  in  place  to 
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FIG.  1.  A  demountable  infrared  cell  (left)  and  a  sealed  cell  with  fitting  for  syringe  (right).  These 
cells  are  used  for  liquid  or  solution  'samples. 


provide  a  reservoir  in  case  of  leakage  or 
evaporation.  By  using  two  syringes  the 
sample  can  be  readily  recovered.29  One  type 
of  cell,  combining  the  features  of  sealed  and 
demountable  cells,  is  sealed  with  mercury 
by  filling  a  groove  cut  in  the  face  of  the 
windows80  or  by  filling  a  plastic  bag  sur- 
rounding the  cell.81  A  demountable  cell  with 
provision  for  sucking  off  escaping  vapor  has 
been  devised  for  use  with  toxic  liquids.82 

The  thickness  of  thin  liquid  cells  can  be 
determined  by  taking  advantage  of  the  inter- 
ference fringes  observed  on  a  spectrogram 
when  the  empty  cell  is  placed  in  a  spectrom- 
eter.88* 84» 86  Other  methods  of  determining 
cell  thickness  are  based  on  the  use  of  inter- 
ferometers with  visible  light,86  weight  differ- 
ences with  the  cell  filled  and  empty,87  and 
intensities  of  absorption  bands  of  a  material 
previously  run  in  a  cell  of  known  thickness.88 

Solutions  of  liquids,  solids,  and  even  gases 
in  liquid  solvents  are  generally  studied  in  the 
same  cells  used  for  pure  liquids.  In  cases  of 
extremely  dilute  solutions  with  relatively 
transparent  solvents  it  is  often  desirable  to 
use  unusually  long  absorption  cells.  Cells  as 
long  as  5  cm  have  been  used  to  determine 
water  in"Freon"  refrigerants,89'  40» tt  impuri- 
ties in  titanium  tetraehloride,48  and  impuri- 
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ties  in  liquid  chlorine.48  Sensitivities  ap- 
proaching and  even  surpassing  parts  per 
million  of  some  impurities  have  been  re- 
ported. If  the  solvent  is  not  sufficiently  trans- 
parent to  permit  the  use  of  long  path  lengths 
it  is  often  feasible  to  extract  the  components 
to  be  determined  with  a  transparent  solvent. 
Oil  and  phenols  in  water  have  been  deter- 
mined in  this  way.44 

In  most  applications  highly  transparent 
solvents  will  not  be  available.  Frequently  a 
complementary  pair  of  solvents  is  used  over 
different  spectral  ranges.  For  example,  car- 
bon tetrachloride  is  a  very  useful  solvent 
even  in  thick  layers  except  where  it  is 
strongly  absorbing  between  12.5  and  13.5/x, 
whereas  carbon  disulfide  is  useful  at  13/*,  but 
absorbs  strongly  at  about  4.5  and  6.5/i.  Of 
course,  the  choice  of  solvent  is  dictated  by 
solubility  as  well  as  desirable  spectroscopic 
properties.46  It  is  sometimes  possible  to 
improve  solubilities  by  using  additives.  For 
example,  0.5  to  2  %  triethylamine46  will  ren- 
der such  materials  as  acids  soluble  in  car- 
bon tetrachloride  or  carbon  disulfide. 

It  is  essential  for  the  spectroscopist  to  be 
aware  of  the  influence  that  a  solvent  can 
have  on  the  spectrum  of  a  solute.  For  ex- 
ample, the  0-H  bands  of  alcohols  near  3/* 
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shift  in  frequency  and  become  weaker  and 
sharper  as  hydrogen  bonds  are  broken  by 
dilution.  Spectra  of  molecules  which  can 
exist  in  different  isomeric  forms  due  to 
hindered  rotation  about  a  single  bond  can 
also  vary  considerably  with  degree  of  dilu- 
tion. 

Water  is  an  important  solvent  in  chemis- 
try, particularly  in  inorganic  and  biological 
chemistry,  but  unfortunately  it  is  not  a  good 
solvent  for  infrared  spectroscopy  because  of 
its  intense  absorption47  and  because  of  the 
solubility  of  many  of  the  alkali  halides  used 
for  cell  windows.  However,  thin  cells  of  ap- 
propriate window  material  have  been  used 
for  both  qualitative48*  49»  60> 51  and  quantita- 
tive62 studies  of  aqueous  solutions. 

The  advent  of  double  beam  spectrometers 
has  led  to  the  popularity  of  differential  tech- 
niques88 in  which  absorption  bands  of  the 
solvent  are  "cancelled"  from  the  spectrum 
of  a  solution  by  placing  a  cell  containing  pure 
solvent  in  the  reference  beam.  Because  it  is 
necessary  to  match  the  amount  of  solvent 
present  in  the  two  beams  it  is  desirable  to 
have  a  cell  of  variable  path  length.  A  number 
of  cells  have  been  devised88*  w»  65» 86'  w  using 
screw  threads  for  adjustment.  A  much 
simpler  but  less  versatile  variable  path  cell 
makes  use  of  wide  windows  with  a  wedge- 
shaped  spacer  and  provision  for  positioning 
the  assembly  in  the  beam  to  obtain  the 
desired  thickness.  In  some  applications58- 69 
in  which  interactions  between  two  compo- 
nents are  to  be  studied  it  is  useful  to  place 
a  double  cell  with  separate  components  in 
the  reference  beam  and  a  thicker  cell  with 
components  combined  in  the  sample  beam. 

When  the  amount  of  sample  is  limited  it 
is  necessary  to  resort  to  micro  sampling 
techniques.  In  its  simplest  form60  this  merely 
involves  the  use  of  a  small  cell  of  minimum 
cross  section  mounted  close  to  an  image  of 
the  monochrpmator  slit  where  the  beam  is 
smallest.  These  cells  typically  require  about 
.01  ml  of  sample,  compared  with  0.1  ml  for  a 
conventional  full  sized  cell.  A  demountable 


microcell  has  been  described61  which  in- 
corporates an  annular  groove  cut  into  the 
face  of  one  window.  Capillarity  ensures  that 
the  sample  will  remain  in  the  limited  area 
defined  by  the  groove.  Further  reduction  in 
sample  size  requires  the  use  of  a  beam-con- 
densing device  to  reduce  optically  the  size 
of  the  radiation  beam  as  it  passes  through 
the  sample.  Some  beam  condensers62'67  utilize 
reflecting  optics  of  the  Schwarzchild  type  to 
provide  a  highly  convergent  beam  forming 
an  extremely  small  image.  To  avoid  exces- 
sive heating  of  the  sample,  the  condensers 
are  usually  mounted  behind  the  exit  slit  of 
the  monochromator  in  dispersed  radiation. 
Hence  they  cannot  be  used  in  most  double 
beam  instruments.  Cells  for  these  devices  can 
be  miniature  versions  of  conventional  designs 
with  flat  windows  or  they  can  be  constructed 
of  capillary  tubing  of  silver  chloride68  or 
polyethylene.69  Cells  have  also  been  con- 
structed by  removing  material  from  the 
interior  of  a  solid  window  with  an  ultrasonic 
cutter.70  Because  of  the  small  sample  area 
involved,  some  liquids  can  even  be  mounted 
as  self-supporting  films  in  small  rings.71 
Samples  as  small  as  0.1  microgram  can  be 
studied  with  these  methods. 

Lower  powered  beam  condensers72'78*74 
using  refracting  optics  have  been  devised  for 
use  with  microcells  of  more  modest  sample 
requirements  of  fractions  of  a  micro-liter 
(Figure  2).  Sample  heating  is  less  severe  with 
these  devices  and  they  can  be  placed  in  the 
usual  sample  location  of  double  beam  instru- 
ments. 

It  is  often  desirable  to  raise  the  tempera- 
ture of  a  sample  and  a  number  of  devices 
have  been  described  for  this  purpose.  Ordi- 
nary cells  can  be  heated  with  hot  air  blow- 
ers76 or  heat  lamps  or  they  can  have  attached 
electrically  heated  plates.76'77  More  elabo- 
rate designs  have  been  proposed  for  use,  for 
example,  with  corrosive  materials.78  Uses  for 
heated  cells  range  from  studies  of  free  energy 
differences  of  rotational  isomers79  or  energy 
of  hydrogen  bonding80  to  quantitative  analy- 
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FIG.  2.  An  infrared  microcell  for  use  with  beam 
condenser.  This  cell  has  a  volume  of  about  0.2 
microliter  and  is  filled  using  a  capillary. 

sis  of  mixtures  which  are  insoluble  at  ordi- 
nary temperatures.81  It  is  possible82  to  ob- 
serve weak  emission  spectra  from  thin  layers 
of  liquid  samples  even  at  relatively  low  tem- 
perature (e.g.  150°C).  Because  most  modern 
double  beam  instruments  respond  to  all 
radiation  passing  through  or  originating  in 
the  sample,  this  presents  a  difficulty  in  the 
study  of  very  hot  samples.  In  addition,  the 
relative  intensities  and  band  shapes  of  the 
spectra  of  many  materials  have  been  found 
to  depend  on  temperature.88* w 

The  alkali  haJide  windows  used  in  cell 
construction  are  brittle  and  usually  will  not 
tolerate  much  pressure,  but  by  proper  cell 
design  windows48* 8S  can  be  made  to  stand 
several  atmospheres  of  pressure.  Gases  which 
are  liquefied  at  relatively  low  pressure,  e.g., 
the  butenes,86  can  then  be  studied  in  the 
liquid  phase  at  room  temperature.  In  studies 
of  the  properties  of  materials  under  ex- 
tremely high  pressure,  thick  windows  of 
sodium  chloride,87* •  calcium  fluoride,87  syn- 
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thetic  sapphire89'  90»  *•*  and  diamond14 
have  been  used  at  pressures  up  to  200,000 
atmospheres.88 

Liquids  are  usually  considered  to  be 
isotropic  in  structure.  Under  certain  condi- 
tions, however,  a  definite  orientation  can  be 
induced  in  some  liquids.  For  example, 
streaming  dichroism  can  be  observed,  using 
polarized  radiation  to  observe  flowing  poly- 
mer solutions.98'  M  Another  form  of  induced 
orientation  is  the  electro-optic  Kerr  effect 
which  has  been  observed  for  nitrobenzene.95 
Optical  rotatory  dispersion  has  also  been 
studied  in  the  infrared  for  a  few  com- 
pounds.96 

The  refractive  index  of  liquids  can  be 
determined  in  the  infrared  region  by  measur- 
ing the  shift  of  the  interference  fringes  when 
a  cell  with  highly  reflecting  windows  (e.g., 
germanium)  is  filled  with  the  sample  to  be 
studied,97  or  by  measuring  the  critical 
angle.98'  "  Refractive  index  can  also  be 
determined  using  a  hollow  prism  filled  with 
a  liquid  sample.100'  101» 102 

It  is  sometimes  necessary  to  alter  the  form 
of  difficult  samples  in  order  to  obtain  in- 
frared spectra.  A  technique  of  this  type  often 
completely  changes  the  structure  of  the  com- 
pound but  if  it  is  a  reproducible  change  the 
approach  is  still  useful  for  analytical  pur- 
poses. One  such  method  is  to  pyrolyze  the 
sample  and  study  the  liquid  residue.108  • 104  • 105 
This  technique  has  been  useful  even  for 
quantitative  analysis  of  difficult  mixed 
polymers.108' 107 

Gaseous  Samples 

The  simplest  cell  for  use  with  gas  samples 
is  a  glass  or  metal  cylinder,  usually  about  10 
cm  in  length,  closed  at  both  ends  with  suit- 
able windows  (Figure  3).  To  improve  sam- 
pling efficiency  the  cell  body  is  sometimes 
tapered  to  conform  to  the  shape  of  the  radia- 
tion beam.108  A  demountable  type  gas  cell109 
can  be  constructed  by  using  a  large  diameter 
glass  standard  taper  joint  instead  of  the 
usual  body.  Cell  windows  can  be  mounted 
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PIG.  3.  A  10-cm  cell  for  infrared  study  of  gases. 


with  amalgamated  lead  or  copper  spacers, 
wax,  grease,  gaskets  of  soft  metal  or  polymer, 
melted  silver  chloride  or  metallic  solder. 
Provision  for  evacuating  and  filling  the  cell 
must  be  provided,  usually  through  a  stop- 
cock or  needle  valve.  Special  arrangements 
are  required  for  the  evacuation  of  cells  using 
thin  plastic  windows  such  as  polyethylene. 
Some  workers1*  have  reinforced  the  windows 
with  wire  grids  at  the  expense  of  lost  energy. 
Others17  use  solid  metal  end  plates  held  in 
contact  with  the  windows  while  the  cell  is 
evacuated.  The  cell  is  pressurized  to  one 
atmosphere  with  a  transparent  gas  before 
removing  the  plates.  Special  cells  have  been 
devised  for  corrosive  gases  such  as  HC1  and 
HF.110 

There  is  a  serious  problem  associated  with 
the  infrared  study  of  dilute  or  weakly  ab- 
sorbing gas  samples.  It  is  often  necessary  to 
provide  long  absorbing  paths  in  order  to 
have  a  sufficient  number  of  molecules  in  the 
beam.  This  can  be  done  by  separating  the 


spectrometer  source  from  the  monochro- 
mator  by  the  desirable  distance  and  either 
collimating  the  radiation  through  a  cell  or 
using  a  light-pipe  cell.  But  this  is  an  extrava- 
gant use  of  space  and  sample,  which  is  not 
often  tolerable.  It  is  possible  to  fold  long 
optical  paths  into  smaller  volumes  by  multi- 
ple reflection  and  a  number  of  such  folded 
path  cells  have  been  devised111'119  (Figure  4). 
These  cells  have  been  particularly  useful  in 
studies  of  natural119  and  polluted  atmos- 
pheres117 and  in  the  determination  of  im- 
purities in  oxygen.  If  sampling  efficiency  is 
expressed  as  path  length  per  volume  of 
sample,  the  ordinary  folded  path  cell  with  a 
path  length  of  10  meters  can  be  made  per- 
haps five  times  more  efficient  than  a  typical 
10-centimeter  cell.  An  additional  tenfold 
increase  in  sampling  efficiency  can  be  ob- 
tained with  a  miniature  folded  path  cell  used 
in  conjunction  with  a  beam  condensing 
device120  (Figure  5).  Another  approach,  in 
contrast  with  the  use  of  long  path  lengths, 
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FIG.  4.  A  multi-pass  gas  cell  mounted  on  a  spectrophotometer.  This  cell  has  a  maximum  path  length 
of  10  meters  folded  into  a  space  4.5  liters  in  volume. 


FIG.  5,  A  multi-pass  micro-cell  for  study  of  small  amounts  of  gases.  This  cell  has  a  volume  of  22  ml 
and  a  path  length  of  60  cm,  and  is  used  with  a  beam  condenser. 
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is  to  concentrate  the  molecules  into  a  reduced 
volume.  This  can  be  done  by  condensing  the 
sample  at  low  temperature  onto  a  cold 
window,121  by  compressing  the  gas  into  a 
small  volume122  or  even  liquefying  the  gas  by 
compression,48' 86  or  by  dissolving  the  gas  in 
a  suitable  liquid  solvent.128* m 

Just  as  compounds  which  are  normally 
gaseous  can  be  studied  as  liquids  or  solids 
at  reduced  temperature,  liquids  and  solids 
can  be  vaporized  at  elevated  temperatures 
and  studied  as  gaseous  samples.  A  number 
of  cells  have  been  described  for  this  pur- 
pose,126* m  including  some  folded-path 
cells111'116  and  some  cells  can  be  cooled  as 
well  as  heated.127*128  Variable  temperature 
gas  cells  have  been  used,  for  example  in  the 
study  of  rotational  isomerism  of  1,2-di- 
bromoethane126  and  the  thermal  decomposi- 
tion of  n-butane  at  280°C129  and  ethylene 
oxide  at  41(M700C.180  At  the  higher  tem- 
peratures infrared  emission  spectra  are  ob- 
servable. The  emission  spectrum  of  B20g 
vapor  at  1700°K  has  been  studied181  by 
placing  the  material  in  an  open  "Alundum" 
tube.  Study  of  the  emission  and  absorption 
of  flames  can  provide  information  on  the 
nature  of  intermediate  and  unstable  chemical 
species182' 188  and  on  the  temperature  of  the 
flame.  In  some  cases  a  rapid-scanning  spec- 
trometer with  cathode  ray  tube  presentation 
of  the  spectra  has  been  used  to  follow  the 
course  of  fast  reactions.184  Emission  spectra 
from  gases  have  also  been  excited  by  means 
of  radio-frequency  discharges.185' 186 

In  order  to  make  satisfactory  quantitative 
measurements  of  gaseous  samples,  certain 
special  precautions  are  necessary.  In  the 
preparation  of  standardizing  mixtures  by 
pressure  measurement  proper  attention  must 
be  given  to  the  influence  of  temperature  and 
gas-law  deviations.  A  weighing  pipette 
method  has  been  devised  for  use  with  ether- 
alcohol187  mixtures  and  a  cell  filling  technique 
using  volume  metering  has  been  described.188 
It  is  necessary  to  ensure  thorough  mixing  of 
gaseous  samples,  and  a  gas  cell  with  an 


integral  agitating  system  can  be  used  to 
accomplish  this.189  Finally,  it  must  be  recog- 
nized that  large  deviations  from  Beer's  law 
often  occur  in  gaseous  systems  because  of 
pressure  broadening  effects.140  Multi-com- 
ponent gas  analysis  can  become  quite  diffi- 
cult because  the  extent  of  the  broadening 
depends  on  the  constituents  present  and 
their  partial  pressures.  Because  of  this,  and 
also  because  most  analytical  spectrophotom- 
eters  have  insufficient  resolution  to  give  an 
accurate  measure  of  the  intensities  of  the 
very  sharp  lines  of  light  gases,  it  has  become 
commonplace  to  pressure  broaden  spectra 
intentionally  by  adding  a  high  pressure  of 
a  transparent  gas  to  the  mixture. 

Studies  of  very  reactive  compounds  and 
radicals  formed  during  reactions  have  been 
aided  by  development  of  the  matrix  isolation 
method.141* 142  In  this  technique  the  gaseous 
substance  to  be  studied  is  rapidly  mixed  with 
an  inert  transparent  medium,  such  as  nitro- 
gen or  argon;  and  quickly  frozen  on  a  cold 
window  maintained  at  very  low  temperature. 
The  reactive  material  is  trapped  in  an  inert 
matrix  and  cannot  react  or  decay.  This 
method  has  been  used,  for  example,  to  study 
the  radicals  produced  in  high  frequency 
electrical  discharges.148* 144 

Another  subject  of  current  interest  is  the 
study  of  adsorbed  molecules.  Gases  are 
exposed  to  active  surfaces  in  the  form  of  fine 
layers  of  silica  powder,146  porous  glass,146 
aerosil  silica,147  or  catalyst  embedded  in 
potassium  bromide  pellets.148  In  many  cases 
the  mechanism  of  chemisorption  can  be 
defined  by  observing  absorption  bands  asso- 
ciated with  unsaturated  bonds.149'  18° 

Solid  Samples 

Solid  samples  occur  in  a  large  variety  of 
forms — crystalline,  amorphous,  film,  powder, 
gel,  or  plate.  Before  an  infrared  spectrum 
can  be  obtained  it  is  necessary  to  form  the 
sample  into  a  shape  approximating  a  thin 
layer.  Often  this  is  done  by  placing  the  solid 
in  solution,  and  treating  it  as  a  liquid  sample. 
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The  occasional  sample  submitted  in  the 
form  of  an  unsupported  film  of  proper  size, 
usually  at  least  0.5  X  2.5  cm,  and  about  0.02 
to  0.1  mm  thick,  can  be  observed  directly 
by  mounting  it  in  the  radiation  beam.  Other 
samples  can  often  be  formed  into  thin  films 
by  a  variety  of  methods.  Solutions  poured  on 
mercury,  smooth  plastic  (such  as  poly- 
ethylene), glass,  or  polished  metal  will  leave 
a  film,  after  the  solvent  has  evaporated, 
which  can  then  be  stripped  off.  In  the  case 
of  films  formed  on  thin  plastic,  the  spectrum 
can  be  obtained  directly,  with  the  spectrum 
of  the  plastic  superposed.  Films  cast  on 
metal  surfaces  are  sometimes  lifted  elec- 
trolytically.151  Solid  samples  can  also  be 
formed  into  thin  films  by  rolling,  by  pressing 
between  metal  platens  or  sheets  of  metal  foil 
or  plastic,152  sometimes  with  the  application 
of  heat,  by  slicing  a  thin  layer  with  a  micro- 
tome188 or  by  melting  the  sample  and  allow- 
ing it  to  solidify  on  a  flat  surface  or  between 
surfaces.  These  procedures  avoid  the  trap- 
ping of  residual  solvent  often  encountered  in 
the  evaporated  film  technique.  The  spectra 
of  unsupported  films  frequently  show  inter- 
ference fringes  due  to  internal  reflections 
from  the  smooth  surfaces.  These  can  be 
eliminated  by  roughening  the  surface,  or  by 
coating  the  surfaces  with  thin  liquid  films,154 
at  the  expense  sometimes  of  reduced  energy 
or  unwanted  absorption  bands.  The  thick- 
ness of  unsupported  films  can  be  determined 
with  a  micrometer  or  other  mechanical 
thickness  gauge,  by  0-ray  absorption,155  or 
by  using  the  material  as  a  spacer  in  a  Fabry- 
Perot  interferometer.156  Film  thickness  can 
often  be  controlled  in  the  evaporated  solvent 
technique  by  spreading  viscous  solutions  of 
fixed  concentration  between  spacer  strips 
before  evaporation157  or  by  spreading  the 
solutions  with  a  notched  tool  (doctor  blade) 
to  give  reproducible  thicknesses. 

Films  can  also  be  cast  by  solvent  evapora- 
tion or  from  a  melt  on  or  between  suitable 
windows.158  This  technique  is  particularly 
suited  to  crystalline  substances  which  are 
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deposited  on  the  window  in  polycrystalline 
films159  or  to  biological  substances,  such  as 
bacterial  films.160  • 181  • 162  Films  can  be  formed 
between  windows  by  pressure  in  some  cases. 
Plastic  materials  can  be  squeezed  between 
windows  of  mica,  polyethylene,  or  silver 
chloride168  or  even  sodium  chloride164  if  care 
is  taken  to  avoid  cracking  the  windows. 
Somewhat  harder  materials  can  also  be 
formed  by  pressure  between  salt  windows166 
if  the  sample  area  is  small  relative  to  the 
window  size.  This  requires  the  use  of  a  beam 
condensing  device. 

Polycrystalline  films  can  be  deposited  on 
cold  surfaces  by  vacuum  sublimation.121'  166» 
167.  IBS,  169, 170. 171  Thm  metal  films  have  been 
studied  in  this  way  by  deposition  on  thin 
(300A)  layers  of  aluminum  oxide.172  An 
analogous  technique,  which  is  also  applicable 
to  normally  liquid  or  gaseous  samples,  makes 
use  of  a  low  temperature  cell  to  solidify  the 
sample.178*  174»  175» 176  Such  cells  can  be  used 
to  study  the  transformations  which  many 
compounds  undergo  at  reduced  tempera- 
ture.177 These  cells  take  a  variety  of  forms, 
varying  from  simple  cells  cooled  only  slightly 
below  room  temperature,  through  very 
elaborate  evacuated  chambers  with  samples 
mounted  on  cold  fingers  cooled  to  liquid 
nitrogen  or  even  liquid  helium  tempera- 
tures.178 Samples  are  sometimes  condensed 
on  a  cold,  highly  polished  metal  surface 
which  reflects  the  radiation,  causing  it  to 
pass  through  the  sample  twice.166'  167» 179  In 
other  cell  designs,  the  sample  is  condensed 
between  cooled  windows.  If  conditions  are 
ideal  thin  single  crystals  can  be  grown  by 
vacuum  sublimation,180'181'182  but  usually 
when  it  is  desired  to  study  single  crystals 
they  are  obtained  in  a  less  convenient  form 
and  must  be  cleaved  or  ground  to  the  proper 
thickness.  Grinding  is  difficult  because  of  the 
thin  sections  required,  but  it  is  sometimes 
possible  to  glue  a  crystal  on  a  glass  plate, 
grind  it,  and  then  float  it  free  in  a  dish  of 
solvent  where  it  can  be  transferred  to  a 
mounting  ring.25  Alternatively,  if  the  crystal 
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is  attached  to  a  salt  plate  for  grinding  it  need 
not  be  removed,  provided  the  absorption  of 
the  adhesive  can  be  tolerated. 

Powdered  samples  are  perhaps  most  often 
encountered  in  infrared  spectroscopy  of 
solids  and  a  number  of  techniques  for  han- 
dling them  have  been  devised.  The  most 
direct  approach  is  to  spread  a  layer  of  powder 
on  a  window  and  obtain  a  spectrum  by  direct 
transmission,  but  the  energy  losses  from 
scatter  are188* 184' 185  frequently  prohibitive 
unless  the  particles  are  very  small.  In  some 
applications  the  powder  is  suspended  in  a 
volatile  solvent  which  is  permitted  to  evap- 
orate leaving  a  layer  of  particles  on  the 
window.186  Powder  can  be  ground  into  a  fine 
consistency  with  the  usual  laboratory  de- 
vices (mortar  and  pestle,  etc.),  but  a  number 
of  special  techniques  have  been  devised,  such 
as  use  of  a  diamond-surfaced  spatula.187 
Fine  particles  can  be  isolated  by  means  of 
sedimentation  in  liquid,188  in  an  air  stream,189 
by  electrostatic  means,190  or  with  graded 
sieves. 

Scatter  losses  can  be  reduced  by  suspend- 
ing the  particles  in  a  liquid  medium  of  ap- 
proximately the  same  refractive  index.  Usu- 
ally the  medium  selected  is  mineral  oil  or 
"Nujol"  and  the  technique  has  become 
known  as  the  Nujol  mull  technique.  However, 
other  liquids  or  even  solids191  are  useful  pro- 
vided they  are  sufficiently  transparent  in  the 
desired  region  and  have  the  proper  refractive 
index.166*  m  Some  materials  have  a  rather 
large  change  in  refractive  index  in  the  vicin- 
ity of  absorption  bands.  As  the  refractive 
index  of  the  particles  becomes  equal  to  that 
of  the  surrounding  medium  the  scatter 
vanishes  and  the  spectrum  shows  a  narrow 
region  of  unusually  high  transmission.  This 
phenomenon  is  called  the  Christiansen  Filter 
Effect.198* 194  It  can  be  minimized  by  grind- 
ing the  powder  to  a  very  fine  particle  size 
with  appropriate  grinders.196  Some  workers 
prefer  to  grind  the  powder  between  un- 
polished salt  windows  which  have  previously 
been  ground  with  fine  emery  paper.198*197 


Rubbery   materials   can   be   prepared    by 
grinding  with  an  abrasive  such  as  sodium 
chloride198  or  by  grinding  at  very  low  tem- 
perature. The  dispersion  of  particles  in  liq- 
uid can  sometimes  be  assisted  with  a  mate- 
rial like  aluminum  stearate190  or  by  exposure 
to  supersonic  radiation.200  It  is  helpful  to 
use  a  window  with  an  annular  groove201  • 26  in 
the  demountable  cell  used  for  mulls.  This 
prevents  excess  material  from  being  trapped 
under  the  spacer  and  permits  better  repro- 
ducibility  of  cell  thickness.  However,  quan- 
titative analysis  of  powder  samples,  when 
it  is  possible  at  all,  is  usually  accomplished 
with  the  aid  of  an  internal  standard  as  a 
means  of  determining  cell  thickness.202  • 208  • 204 
In  quantitative  analysis  it  is  particularly 
important  to  control  the  particle  size  be- 
cause, in  addition  to  the  dependence  of 
scattered  radiation,  the  apparent  absorp- 
tivity also  depends  on  particle  size.161  • 206-209 
A  refinement  of  the  mull  technique,  known 
as  the  KBr-pellet  technique,  was  developed 
independently   by   several   workers.210  '2U> 
212, 2i8  ft  consists  of  mixing  the  solid  sample 
with  a  quantity  of  an  alkali-halide  powder, 
usually  potassium  bromide,  and  pressing  the 
mixture  in  a  die  to  produce  a  transparent  or 
translucent  disk.  The  disk  is  mounted  di- 
rectly in  the  spectrometer.  Other  alkali- 
halides214' 216  can  be  chosen  to  provide  a 
better  refractive  index  match  in  controlling 
scatter.186  A  large  variety  of  die  designs  have 
been  reported  in  the  literature,  as  well  as 
methods  of  treating216'217  and  measuring 
materials.218  • 219  Sample  and  alkali  halide  can 
be  mixed  by  grinding  together  in  a  mortar, 
ball  mill  or  other  mechanical  device,  by 
TY>iTnng  &  slurry  of  alkali  halide  in  a  solution 
containing  the  sample  and  allowing  the 
solvent  to  evaporate,  or  by  freeze  drying  a 
solution  of  the  sample — alkali  halide  mixture 
in  water  or  an  organic  solvent.  Methods  of 
preparing  microgram  quantities  of  sample 
in  small  pellets78*220'221  have  been  devised 
for  use  with  beam  condensing  devices.72 
Pressed  pellets  have  been  found  to  be  me- 
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chanically  stable,  permitting  the  observa- 
tion of  spectra  at  elevated222  and  reduced 
temperatures  and  even  permitting  the  study 
of  thermal  decomposition  of  samples 
mounted  in  pellets.223  It  is  possible  to  perform 
quantitative  analyses  with  pelleted  sam- 
ples,224-229 with  or  without  the  use  of  internal 
standards,  but  it  is  essential  to  control  the 
particle  size  very  closely  or  reduce  it  to  a 
very  small  value,  just  as  in  the  case  of  mulls. 
There  are  certain  difficulties214  •215»28°-249 
associated  with  the  use  of  the  pellet  tech- 
nique, and  caution  is  required  in  its  applica- 
tion. Some  materials  will  react  with  alkali 
halides  under  pressure  or  during  grinding 
either  immediately  or  over  a  longer  period 
of  time.  Other  substances  are  transformed 
into  different  crystal  habits,  which  can  result 
in  very  different  spectra.  Comparison  with 
spectra  of  Nujol  mulls  will  usually  show 
whether  these  changes  have  occurred  but.  one 
must  be  certain  that  spectral  differences  are 
not  due  to  solution  of  the  sample  in  the 
mineral  oil  or  to  crystallite  orientation 
caused,  for  example,  by  sliding  the  windows 
together.250  In  addition,  it  is  possible  to 
contaminate  the  alkali  halide  during  grind- 
ing by  abrasion  of  the  mortar  material.251' m 
Because  molecules  in  crystalline  latices 
are  arranged  in  fixed  positions  and  orienta- 
tions the  directions  of  their  molecular  vibra- 
tions are  also  fixed.  It  is  known  that  an 
oscillating  dipole  can  absorb  radiation  only 
when  the  direction  of  vibration  coincides 
with  the  direction  of  the  electric  vector  of  the 
radiation.  Hence  if  the  beam  from  a  spec- 
trometer source  is  polarized  it  is  possible  to 
determine  the  direction  of  a  given  vibration 
by  rotating  the  crystal  until  maximum  ab- 
sorption is  obtained.268 -254'255'256'257'258  A 
number  of  devices  for  producing  polarized 
radiation  have  been  constructed,  mostly 
based  on  the  principle  that  light  reflected  at 
the  proper  angle  (Brewster's  angle)  from  a 
dielectric  is  totally  polarized.  Usually,  the 
radiation  transmitted  by  several  layers  of 
selenium  or  silver  chloride  is  used  instead 
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of  reflected  light.  Because  the  radiation 
passed  by  spectrometers  is  also  somewhat 
polarized  by  reflection  from  prism  faces  and 
gratings,259  it  is  common  practice  to  adjust 
the  polarizer  for  maximum  energy  and  rotate 
the  sample.  It  is  not  easy  to  obtain  single 
crystals  of  sufficient  size  for  infrared  study. 
Hence  in  making  measurements  on  oriented 
crystals  with  polarized  radiation,  spec- 
troscopists  often  attempt  to  grow  poly- 
crystalline  layers  with  the  individual  crystal 
axes  lying  in  largely  the  same  direction.260 
This  can  sometimes  be  done  by  crystalliza- 
tion in  a  thermal  gradient  or  by  starting  the 
precipitation  at  one  point  by  application  of 
a  cold  spot  or  a  seed  crystal.  Sometimes  the 
growth  of  crystallites  will  be  influenced  by 
the  crystal  structure  of  the  windows  contain- 
ing the  melt  and  often  unusual  window  mate- 
rials such  as  mica  are  used261  to  take  advan- 
tage of  this.  Some  window  materials  will  be 
more  effective  orienting  agents  if  rubbed  in 
one  direction  before  use.262  Amorphous  and 
plastic  materials  can  often  be  oriented  by 
stretching  or  rolling,268'264'265  and  studied 
with  the  stretch-axis  parallel  and  normal  to 
the  direction  of  polarization.  Solid  films  are 
frequently  oriented  relative  to  their  surface, 
but  otherwise  randomly  arranged.  In  this 
case,  use  of  polarized  radiation  will  not  reveal 
the  orientation,  but  a  comparison  of  a  spec- 
trum of  the  film  with  a  spectrum  of  the  same 
material  prepared  by  one  of  the  powder 
methods  can  show  which  of  the  molecular 
vibrations  are  predominantly  perpendicular 
to  the  film  surface  and  which  are  predomi- 
nantly parallel.266-271  The  perpendicular 
modes  will  be  weaker  in  films  than  in  powder 
samples,  while  the  converse  will  be  true  for 
the  parallel  modes.  Similar  information  can 
sometimes  be  obtained  by  tilting  the  film  in 
the  beam.265 

Fibers  are  special  cases  of  oriented  sam- 
ples. They  can  be  studied  with  polarized  or 
natural  light  by  carefully  aligning  them  in 
a  common  direction.272-277  They  can  be 
mounted  dry  if  scatter  is  not  too  severe,  or 


SAMPLE  PREPARATION 


they  can  be  coated  with  a  liquid  medium. 
Fibers  can  also  be  carefully  aligned  between 
layers  of  alkali  halide  powder  and  pressed 
into  pellets.  For  studies  of  unoriented  fibers, 
they  can  be  chopped  into  short  lengths  with 
a  sharp  instrument  or  in  a  mill  and  pressed 
into  pellets. 

A  property  associated  with  the  spectra  of 
crystalline  solids  is  the  frequent  occurrence 
of  fine  structure  or  line  splitting  due  to  the 
interactions  of  neighboring  molecules  in  a 
unit  lattice  cell  or  to  the  combination  of 
molecular  and  lattice  modes  of  vibration. 
These  effects  are  interesting  in  themselves, 
but  it  is  often  desirable  to  eliminate  them 
while  retaining  the  characteristic  sharpness 
of  solid  phase  spectra.  This  can  sometimes 
be  done  by  diluting  the  molecules  of  interest 
in  a  mixed  crystal,  for  example,  naphthalene 
in  anthracene,278  or  in  a  solid  solution,  such 
as  complex  ions  in  alkali-halide  lattices.279  •  28° 
A  related  technique  is  concerned  with  the 
formation  of  mixed  crystals  of  isotopic  mole- 
cules.281*282 

Infrared  spectroscopy  is  useful  in  the 
study  of  reactions  and  reaction  products. 
Cells  have  been  constructed  for  the  con- 
trolled exposure  of  solid  films  to  gases288* 
284  •285  in  such  a  way  that  spectra  can  be 
recorded  during  the  ensuing  reaction. 

Infrared  studies  on  solids  are  not  limited 
to  absorption  spectroscopy.  Specular  reflec- 
tion spectra  have  also  been  useful  to  some 
extent,286'  **  for  example  in  the  identification 
of  gems.288  Diffuse  reflectance  can  be  meas- 
ured by  means  of  integrating  spheres,289'  29° 
but  this  technique  has  been  less  useful  in  the 
infrared  than  in  the  visible  regions  of  the 
spectrum.  Reflection  bands  of  organic  com- 
pounds are  generally  quite  weak,  but  fre- 
quently reflectance  techniques  are  used  to 
obtain  absorption  spectra  of  thin  films  de- 
posited on  reflecting  surfaces.  This  approach 
has  been  extended  to  exceedingly  thin  layers 
by  use  of  multiple  reflections.291  Emission 
spectra  of  solids  have  also  been  studied, 
either  directly  by  observing  radiation 


emitted  from  a  hot  sample292  or  indirectly  by 
correlating  the  reflectance  of  a  hot,  opaque 
sample  with  its  emissivity.298  It  is  sometimes 
possible  to  study  coatings  on  filaments  by 
observing  the  emission  properties  of  the 
sample.  The  refractive  index  of  solids  in  the 
infrared  region  is  another  potentially  useful 
property.  It  can  be  determined  by  construct- 
ing a  solid  prism294  and  measuring  the  devia- 
tion of  radiation,  by  observing  interference 
fringes  produced  by  a  thin  film  of  known 
thickness,  or  by  measuring  the  reflectivity 
which  is  related  to  the  refractive  index. 

Purification  and  Treatment  of  Complex 
Samples 

It  is  frequently  desirable  and  sometimes 
essential  to  pre-treat  samples  submitted  for 
infrared  analysis  in  order  to  remove  im- 
purities or  to  transform  the  material  into  a 
more  readily  handled  form.  The  pyrolysis 
technique108'107  mentioned  above  is  an  ex- 
ample of  the  latter.  Other  types  of  reaction 
have  also  been  used.295  For  example,  the 
salts  of  acids  often  have  more  characteristic 
spectra  than  the  acids  themselves.298 

Purification  of  samples  can  range  from  a 
rough  treatment  to  remove  water,  such  as 
the  use  of  2,2-dimethoxypropane  as  a  drying 
agent,297  to  very  highly  refined  fractionation 
methods  like  those  used  by  the  American 
Petroleum  Institute  in  preparing  pure  hydro- 
carbon samples  for  infrared  reference  spec- 
tra. 

The  current  popularity  of  gas  chromatog- 
raphy  has  led  to  the  combined  use  of  this 
powerful  quantitative  tool  with  infrared 
spectroscopy  for  qualitative  identification  of 
fractions89'298-805  and  quantitative  analysis 
for  components  not  easily  separated  by  the 
chromatograph.806'807  Because  of  the  small 
sample  size  often  encountered  in  gas  chroma- 
tography  micro-  or  semi-micro  infrared  tech- 
niques are  usually  required.  However,  recent 
developments  in  preparative  scale  gas 
chromatography  have  provided  a  useful 
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method  for  purification  of  routine  infrared 
samples  in  macro-quantities.808 

Older  forms  of  ehromatography,  such  as 
liquid  elution309  •  81°  • 811  • 812  and  paper  chroma- 
tography,818 have  also  been  used  in  the  prepa- 
ration of  samples,  the  latter  requiring  micro- 
techniques. Other  methods  include  fractional 
crystallization  of  solids814' 815  and  low  tem- 
perature distillation  of  gases.818- 817 
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JAMES  E.  STBWAET 

SOLIDS  IN  POTASSIUM  BROMIDE 

The  analysis  of  solids  by  infrared  absorp- 
tion studies  has  been  greatly  simplified  with 
the  advent  of  the  potassium  bromide  tech- 
nique. In  this  method  the  solid  is  intimately 
mixed  with  potassium  bromide  and  then 
pressed  in  a  die  under  high  pressure.  The  re- 
sulting discs  are  visually  clear  and  yield  ex- 
cellent absorption  spectra  of  the  solid  ma- 
terial. 

In  April  of  1952  Sisters  Stimson  and 
O'Donnell1  published  an  article  on  the  in- 
frared and  ultraviolet  absorption  spectra  of 
cytosine  and  isocytosine  in  the  solid  state. 
In  this  paper  they  briefly  described  the  po- 
tassium bromide  technique.  About  the  same 
time  Schiedt  of  Max  Planck  Institute  for 
Biochemistry  in  Tubingen,  Germany,  pub- 
lished information2' 8  regarding  the  method. 
Schiedt  had  investigated  the  method  in  de- 
tail including  evaluation  of  such  halide  salts 
as  NaCl,  NaBr,  KBr,  KC1,  and  AgCl.  He 


also  found  potassium  bromide  to  be  most 
suitable  of  the  halides  studied. 

Prior  to  these  developments,  the  spectra 
of  solids  were  obtained  either  by  dissolving 
the  sample  in  a  suitable  solvent  and  obtain- 
ing the  spectrum  of  the  solution  or  by  mull- 
ing the  sample  with  a  mineral  oil  such  as 
Nujol  and  measuring  the  spectrum  of  the 
mull.  The  spectra  of  waxes  or  low-melting 
solids  were  obtained  by  melting  the  solid  on 
a  rock  salt  window  and  allowing  it  to  harden 
and  then  placing  the  window  in  the  infrared 
spectrometer. 

The  solvent  and  Nujol  mull  methods  were 
disadvantageous  because  of  the  lack  of  suit- 
able solvents  for  many  solids  and  because  of 
the  interference  of  either  solvent  or  mineral 
oil  bands.  In  addition  the  spectra  obtained 
from  mulls  often  had  poorly  resolved  bands 
because  of  scattering  losses  by  the  mull.  The 
mineral  oil  has  strong  absorption  bands  in 
the  C — H  stretching  and  bending  regions  at 
3  and  7  microns.  To  obtain  spectra  in  these 
regions  a  completely  fluoridated  material 
such  as  perfluorokerosene,  or  substances 
such  as  hexachlorobutadiene  and  polychloro- 
trifluoroethylene  were  substituted  for  the 
mineral  oil.  Quantitative  analyses  were  car- 
ried out  on  Nujol  mulls  by  adding  an  in- 
ternal standard  such  as  d-alanine,4  calcium 
carbonate,6  lead  thiocyanate,6'7  or  naph- 
thalene.8 

Experimental  Technique 

Die  Construction.  There  has  been  con- 
siderable work  carried  out  on  the  dies  in- 
volved in  pellet  preparation.  At  first  it  was 
thought  necessary  to  have  a  die  which  could 
be  evacuated  so  that  entrapped  air  would 
not  yield  opaque  spots  in  the  window.  Conse- 
quently vacuum  dies  of  several  types  were 
designed  by  Schiedt.  A  commercial  version 
of  this  die  which  used  a  split  conical  section 
to  permit  easy  removal  of  the  potassium 
bromide  window  has  been  described  by  Haus- 
dorff.9  A  modified  vacuum  die  which  presses 
a  %-inch  diameter  pellet  directly  into  a  1- 
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inch  ring  has  been  described  by  Olsen.10  The 
vacuum  does  not  have  to  be  better  than  15 
mm  Hg  and  can  be  obtained  with  an  ordinary 
water  aspirator;  however,  a  mechanical 
pump  will  permit  faster  evacuation  of  the 
vacuum  die  and  is  preferable. 

Unevacuable  dies  have  been  described  by 
several  authors.11*12  Although  reasonably 
clear  discs  of  high  transmittance  can  be  ob- 
tained, they  gradually  become  translucent 
as  the  entrapped  air  slowly  reappears  after 
pressure  release.  These  dies  were  usually  con- 
structed to  produce  rectangular  rather  than 
circular  windows.  A  drawing18  of  such  a  die 
is  shown  in  Figure  1.  The  main  requirement 
for  such  a  die  is  that  the  anvil  and  the 
plunger  be  of  a  good  grade  of  hardened  tool 
steel. 

Recommended  pressures  are  approxi- 
mately 8  tons  for  a  pressing  time  of  five 
minutes  and  approximately  10  tons  for  a 


pressing  time  of  one  minute.  A  Carver  Lab- 
oratory Press  of  10-ton  capacity  is  suitable 
for  pressing  the  potassium  bromide.  A  simple 
press  can  also  be  economically  constructed 
using  an  ordinary  hydraulic  truck  jack  and  a 
suitable  presssure  measuring  gauge. 

Potassium  Bromide.  Only  reagent  grade 
potassium  bromide  is  suitable.  (The  potas- 
sium bromide  is  usually  ground,  sieved 
through  a  400-mesh  screen  and  dried  at 
105°C.  Scattered  light  is  reduced  to  a  mini- 
mum if  the  particle  size  of  the  solid  is  less 
than  the  shortest  wavelength  in  the  spectrum 
of  the  incident  radiation,  i.e.,  less  than  one 
micron.  The  potassium  bromide  should  be 
stored  at  105°C  to  prevent  excessive  water 
absorption.  (Higher  temperatures  may  cause 
decomposition  and  discoloration.)  Potassium 
bromide  of  infrared  quality,  ground  to  the 
proper  mesh,  is  commercially  available  from 
the  Harshaw  Chemical  Company,  Cleveland, 


FIG.  1.  Die  for  pressing  potassium  bromide  pellets. 
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Ohio.  The  purity  of  the  potassium  bromide 
can  be  checked  by  measuring  the  infrared 
spectrum  of  a  disc  containing  only  potassium 
bromide.  There  should  be  only  two  weak 
bands,  one  at  3.0  microns  (the  0— H  stretch- 
ing vibration)  and  a  smaller  one  at  6.1  mi- 
crons (the  0— H  bending  vibration),  caused 
by  small  amounts  of  water.  Although  these 
two  bands  can  be  eliminated  by  drying  the 
potassium  bromide  in  vacua  and  then  press- 
ing a  window  immediately  from  the  dried 
powder,  this  technique  is  of  little  value  be- 
cause grinding  of  the  dried  potassium  bro- 
mide, especially  mechanical  grinding,  imme- 
diately contaminates  the  potassium  bromide 
with  adsorbed  water.  A  typical  bromide 
blank  is  shown  in  Figure  2. 

Milkey14  has  pointed  out  that  severe  grind- 
ing of  the  potassium  bromide  may  produce 
strong  absorption  bands  that  could  inter- 
fere with  the  spectrum  of  the  sample.  These 
absorption  bands  are  attributed  to  some 
crystal  alteration  of  the  potassium  bromide 
in  the  grinding  process.  Pellet  blanks  pre- 
pared from  coarser  powders  (60  to  400-mesh) 
show  small  adsorbed  water  peaks  and  gen- 
erally higher  over-all  transmittance  readings 
than  windows  pressed  from  fine  powders 
(greater  than  400-mesh). 

Sample  Handling.  To  obtain  suitable 
spectra  the  sample  concentration  may  vary 
from  less  than  0.1  %  to  as  much  as  3  %  in 
some  aromatic  compounds.  It  is  difficult  to 
predict  the  proper  concentration  but  usu- 
ally 0.5%  is  the  best  value  for  the  initial 


spectrum.  Besides  the  concentration  of  the 
sample  in  the  potassium  bromide,  equally 
important  variables  in  obtaining  good  spec- 
tra are  the  particle  size  and  the  homogeneity 
of  the  sample  in  the  potassium  bromide 
matrix.  A  simple  method  for  ensuring  proper 
particle  size  and  distribution  is  to  grind  the 
sample  mechanically  with  a  commercially 
available  dental  accessory  known  as  a  "Wig- 
L-Bug."  This  instrument  was  designed  for 
preparing  dental  amalgams  but  it  is  equally 
satisfactory  for  mixing  and  grinding  samples 
with  potassium  bromide.  Either  plastic  or 
stainless  steel  capsules  with  a  plunger  can  be 
used  although  the  ground  potassium  bromide 
is  more  readily  removed  from  the  plastic 
capsule  than  the  metal  one. 

The  grinding  time  is  very  important.  With 
the  same  concentration  of  sample  in  the  po- 
tassium bromide  the  absorption  bands  in- 
crease in  intensity  as  the  grinding  time  is 
increased  and  finally  reach  a  maximum  and 
constant  value  usually  in  three  to  five  min- 
utes. The  water  bands  at  3.0  and  6.1  microns 
also  increase  in  intensity  with  the  grinding 
time  and  are  very  intense  if  the  sample  is 
ground  for  as  long  as  10  minutes.  If  the  po- 
tassium bromide  window  is  left  in  the  infra- 
red beam  or  even  standing  in  an  air-condi- 
tioned room  for  an  extended  period  of  time, 
these  bands  decrease  in  intensity  as  the 
amount  of  adsorbed  moisture  decreases. 

Another  technique  involves  dissolving  the 
sample  in  a  volatile  solvent,  adding  the  solu- 
tion to  the  potassium  bromide,  and  then 
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FIG.  2.  Absorption  spectrum  of  potassium  bromide. 
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evaporating  the  solvent  prior  to  grinding. 
Even  water  is  suitable  as  a  solvent  since  it  is 
finally  removed. 

Freeze  drying  will  provide  good  results 
but  is  a  time  consuming  operation.  If  organic 
samples  are  rapidly  cooled,  submicroscopic 
crystals  are  produced.  Solutions  of  weighed 
amounts  of  sample  and  potassium  bromide 
can  be  cooled  rapidly  in  an  acetone  "Dry  Ice" 
mixture  and  the  solidified  mixture  subjected 
to  freeze  drying.  The  resulting  fluffy  mixture 
can  be  dried  over  P205  at  reduced  pressure 
(approximately  10  mm)  and  slightly  ele- 
vated temperature  (50°C).  Electron  micro- 
graphs taken  of  such  mixtures  reveal  small 
spherical  particles  with  diameters  as  small 
as  0.01  to  0.05  micron. 

Quantitative  Analysis 

Quantitative  analysis  with  the  potassium 
bromide  technique  can  be  carried  out  on  sub- 
stances which  are  not  soluble.  Studies11*15 
have  proved  that  the  plots  of  absorbance 
versus  concentration  or  pellet  thickness  are 
linear,  showing  that  Beer's  law  holds  as  well 
for  materials  dispersed  in  potassium  bromide 
as  for  material  dissolved  in  solution.  The  dif- 
ficulty with  this  method  is  that  the  thickness 
of  the  potassium  bromide  pellet  must  be  de- 
termined. Although  the  assumption  can  be 
made  that  if  the  same  weight  of  potassium 
bromide  is  added  to  the  die,  the  pellets  will 
be  of  constant  thickness,15  errors  can  occur. 
Measurements11  on  a  number  of  pellets 
pressed  under  the  same  conditions  were  made 
to  test  the  possibility  that  pellet  weight 
might  be  a  better  measure  of  the  sample  in 
the  infrared  beam  than  the  thickness.  The 
average  deviation  of  the  mean  was  6%  in 
contrast  to  4%  for  the  same  group  on  the 
basis  of  thickness. 

The  necessity  for  determining  the  sample 
thickness  can  be  eliminated  by  incorporating 
an  internal  standard  in  the  potassium  bro- 
mide.18 This  assumption  is  readily  justified 
by  consideration  of  Beer's  law.  The  ab- 
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sorbance  of  the  known  material  to  be  assayed 
at  Xfc  will  be  given  by 


and  the  absorbance  of  the  internal  standard 
at  wavelength  X,  by 

A.  =  aj>c,  . 

Now,  dividing  the  first  equation  by  the  sec- 
ond, 


A, 


the  6's  cancel  and  because  a*  and  a,  are  both 
constants  at  the  wavelengths  at  which  the 
measurements  are  made,  and  c9  ,  the  con- 
centration of  the  internal  standard,  is  con- 
stant, these  constants  can  be  accumulated  in 
an  over-all  constant,  K,  and 


Hence,  a  plot  of  Ak/A9  versus  c*  will  give  a 
straight  line.  In  this  method  it  is  not  neces- 
sary to  determine  a*  and  a,  ,  or  even  to  know 
c9  exactly  to  obtain  an  empirical  working 
curve. 

For  universal  application  in  quantitative 
infrared  work  an  internal  standard  should 
have  a  simple  spectrum  with  a  few  sharp 
bands,  be  stable  to  heat  and  not  absorb 
excessive  moisture,  be  easily  ground  to  a 
small  particle  size,  be  readily  available,  non- 
toxic,  and  yield  clear  potassium  bromide 
pellets.  Of  all  the  materials  investigated,  po- 
tassium thiocyanate  was  the  most  suitable. 
With  potassium  thiocyanate  as  an  internal 
standard,  quantitative  methods  have  been 
developed  for  the  analysis  of  poly(vinyl  chlo- 
ride)-poly(vinyl  acetate)-copolymers  and  for 
free  fatty  acid  in  aluminum  soaps.  Recently 
Frazer17  has  recommended  sodium  azide  as 
being  superior  to  potassium  thiocyanate  as 
an  internal  standard.  Sodium  azide  has  a 
very  strong  peak  at  2140  cm"1  and  a  weak 
peak  at  1309  cm"1.  In  the  determination  of 
sodium  fluoroacetate  in  dried  residues  from 
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soil  dispersion,  sodium  azide  along  with  po- 
tassium bromide  yielded  Nujol  mulls  of  me- 
dium absorbance  values.  The  addition  of  the 
potassium  bromide  not  only  decreases  the 
amount  of  Nujol  required,  thereby  increas- 
ing the  transmittance  of  the  mull,  but  also 
facilitates  the  grinding  of  the  solids  before 
mulling. 

Microsampling  Techniques 

One  very  important  application  of  the 
potassium  bromide  technique  involves  the 
determination  of  spectra  with  as  little  as  5 
micrograms  of  sample.18  These  measurements 
cannot  be  made  with  the  usual  infrared  spec- 
trophotometer  without  some  beam  reducing 
device.  Such  systems  employ  all  reflecting 
optics  consisting  of  two  precisely  ground 
ellipsoidal  condensing  mirrors,  and  flat  mir- 
rors to  divert  the  beam  through  the  condens- 
ing mirrors  and  back  into  the  monochro- 
mator.  This  method  provides  a  sixfold 
reduction  in  beam  size.  About  12%  of  the 
sample  beam  energy  passes  through  the  0.5- 
mm  hole  provided  for  the  micropellet. 
Energy  balance  between  the  two  beams  is 
obtained  by  means  of  a  reference  beam  at- 
tenuator. The  die  for  preparing  the  micro- 
pellets  presses  the  pellet  directly  into  the 
disc.  Alloy  inserts,  composed  of  10  %  rhodium 
and  90%  platinum,  form  the  working  sur- 
faces of  both  disc  and  anvil  to  lessen  dangers 
of  corrosion  and  sample  contamination. 
Quantitative  sample  recovery  is  achieved  by 
freezing  1  ml  of  an  aqueous  solution  of  po- 
tassium bromide  in  the  form  of  a  shell  inside 
a  lyophilization  tube.  The  sample,  dissolved 
in  1-2  ml  of  organic  solvent,  is  then  frozen 
in  a  thin  layer  inside  the  aqueous  shell.  The 
water  and  organic  solvent  are  removed  at  a 
pressure  of  0.07  mm  Hg.  The  final  KBr  pow- 
der is  mixed  with  a  spatula  and  pressed  di- 
rectly. The  spectra  obtained  with  powders 
prepared  by  the  lyophilization  technique  dif- 
fer from  those  obtained  by  grinding.  This 
difference  has  been  attributed  to  the  pres- 
ence of  microscopic  crystals  in  the  ground 


powders.  Hence,  the  so-called  "sample  deg- 
radation" caused  by  grinding  can  be  ex- 
plained by  the  progressive  loss  of  crystal- 
Unity  as  the  grinding  proceeds. 

Anomalies  of  the  Potassium  Bromide 
Technique 

The  many  advantages  of  the  potassium 
bromide  technique  have  been  stressed  and  it 
is  equally  important  to  mention  a  few  of  the 
disadvantages.  In  addition  to  the  different 
spectra  obtained  with  freeze  drying  or  nor- 
mal grinding  techniques  just  reported,  there 
have  been  differences  found  between  the 
spectrum  of  a  solid  when  measured  in  a 
Nujol  mull  as  compared  to  its  spectrum  in 
potassium  bromide.  Several  authors  have 
reported  changes  in  the  spectra  of  solids  in 
alkali  discs  caused  either  by  metathesis19' 20 
or  the  formation  of  mixed  crystals.21*  *  Pad- 
gett28 has  discussed  the  different  spectra  ob- 
tained for  cyanuric  acid  in  potassium  bro- 
mide, potassium  chloride  and  a  sublimed 
sample,  and  concluded  that  the  effect  is 
probably  caused  by  ion  interchange.  Baker24 
has  summarized  solid  state  anomalies  in  in- 
frared spectroscopy  with  emphasis  on  organic 
compounds.  He  lists  the  factors  which  in- 
fluence the  changes  in  pellet  spectra  as  fol- 
lows: (a)  crystal  energy  of  the  organic  phase, 
(b)  total  amount  of  energy  used  in  grinding 
sample  and  matrix,  (c)  lattice  energy  of  ma- 
trix, (d)  particle  size  of  matrix,  (e)  stress 
relaxation  involving  either  the  temperature 
of  pellet  or  powder  mixture  or  the  time  lapse 
between  grinding  the  sample  mixture  and 
obtaining  the  spectrum,  and  (f)  occurrence 
of  polymorphic  transitions. 

As  a  specific  example  of  the  changes  which 
can  occur  in  potassium  bromide,  the  follow- 
ing illustration  can  be  cited.  In  the  course  of 
investigating  potassium  fenicyanide  as  a 
possible  internal  standard  in  potassium 
bromide,16  it  was  observed  that  the  band  at 
2118  cm"1  decreased  in  intensity  on  grinding 
the  sample  and  a  new  band  appeared  at  2029 
cm.-1.  This  change  was  finally  shown  to  be 
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caused  by  ferricyanide  being  converted  to 
ferrocyanide  on  grinding.  Judicious  care 
must  therefore  be  taken  in  interpretation 
of  spectra  obtained  in  potassium  bromide, 
particularly  if  marked  changes  occur  on 
grinding. 

Although  the  potassium  bromide  tech- 
nique has  the  limitations  mentioned,  it  is 
still  eminently  suited  for  obtaining  spectra  of 
microsamples  and  amorphous  polymers  or 
resins.  It  should  not  displace  the  mineral 
oil  mull  technique  but  rather  act  as  a  com- 
plementary method.  In  combination,  these 
two  methods  of  obtaining  spectra  can  yield 
more  information  about  a  sample  than  either 
one  alone. 
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STEPHEN  E.  WIBERLEY 

STEROL  ANALYSIS  (COMPARED  WITH  X-RAY 
DIFFRACTION  AND  COLORIMETRY) 

Recent  advances  in  the  biochemistry  of 
sterols  have  necessitated  new  methods  for 
the  qualitative  and  quantitative  determina- 
tion of  these  substances  in  extracts  derived 
from  biological  materials.  Spectrophotome- 
try — both  infrared  and  visual — and  x-ray 
diffraction  are  the  most  promising  of  these 
methods.  This  study  was  made  to  compare 
the  relative  usefulness  of  infrared  spectro- 
photometry,  x-ray  diffraction,  and  colorime- 
try  in  differentiating  certain  sterols. 

The  sterols  chosen  for  this  investigation 
were:  cholesterol  (As-cholestene-30-ol),  dihy- 
drocholesterol  (cholestane-30-ol),  and  0-sitos- 
terol  (A5-stigmastene-30-ol),  their  digitonides 
and  mixtures  of  the  sterols.  The  interrela- 
tionships of  these  substances  in  cholesterol 
metabolism  make  them  of  special  interest  at 
this  time. 

Methods  and  Instruments 

Preparation  and  Purification  of  Ster- 
ols, Digitonides,  and  Mixtures.  The  ster- 
ols used  in  this  study  were  purified  as  follows : 
a  sample  of  the  compound  was  dissolved  in  a 
minimum  volume  of  ethyl  alcohol  over  a 
steam  bath.  Water  was  then  added  until  the 
solution  became  cloudy.  Boiling  temperature 
was  maintained  while  a  sufficient  amount  of 
solvent  was  added  to  redissolve  the  precipi- 
tate. The  compound  was  allowed  to  crystal- 
lize at  room  temperature.  The  purity  of  the 
sterols  was  established  by  checking  the  melt- 
ing points. 

Digitonide   derivatives    of   the   purified 
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sterols  were  prepared  by  the  addition  of  a 
saturated  solution  of  digitonin  in  50  %  ethyl 
alcohol  to  an  alcoholic  solution  of  the  sterol. 
The  digitonides  were  allowed  to  stand  at 
room  temperature  overnight,  to  ensure  com- 
plete precipitation. 

Two  types  of  mixtures  were  prepared  from 
the  purified  sterols:  physical  and  recrystal- 
lized.  The  mixtures  of  cholesterol  with  di- 
hydrocholesterol  and  of  cholesterol  with 
0-sitosterol  had  the  following  percentage 
compositions:  95-5, 75-25, 50-50, 25-75,  and 
5-95.  The  physical  mixtures  were  prepared 
by  grinding  together  the  indicated  amounts 
of  the  sterols  using  an  agate  mortar  and  pes- 
tle. To  prepare  the  recrystallized  mixtures, 
the  component  sterols  were  dissolved  in 
ethyl  alcohol  and  crystallized  by  the  method 
described  above.  The  percentage  composition 
of  the  mixtures  was  checked  by  colorimetric 
analysis. 

Infrared  Spectrophotometry.  Infrared 
absorption  spectra  were  determined  with  a 
Perkin-Elmer  Model  21  infrared  spectropho- 
tometer.  The  samples  of  purified  sterols  and 
their  mixtures  were  made  up  to  0.04  molar 
solutions  with  carbon  disulfide,  and  measured 
over  the  frequency  range  1400  to  650  cm"1. 
Digitonide  samples  were  prepared  by  thor- 
oughly mixing  one  mg  of  the  digitonide  with 
800  mg  of  infrared  quality  potassium  bro- 
mide. 500  mg  of  this  mixture  was  placed  in  a 
Perkin-Elmer  potassium  bromide  die,  and 
pellets  formed  under  a  pressure  of  23,000  psi 
for  2  minutes.  The  pellets  measured  1.37  mm 
in  thickness.1  These  samples  were  measured 
over  the  frequency  range  1750  to  650  cm"1. 

X-ray  Diffraction.  For  x-ray  diffraction 
analysis,  samples  of  purified  sterols  and 
sterol  digitonides  were  powdered  to  200  mesh 
and  mounted  in  plastic  capillaries.1  The 
mounted  specimens  were  exposed  for  30 
hours  to  vanadium-filtered  chromium  x-ray 
radiation  in  Norelco  (North  American 
Philips  Co.,  Inc.)  114.9  mm  Debye-Scherrer 
cameras.  Eastman  no-screen  x-ray  film 


used.  The  x-ray  tube  was  operated  at  35  KV 
potential  and  a  current  of  10  ma. 

X-ray  diffraction  studies  of  the  mixtures 
of  cholesterol  with  dihydrocholesterol  or 
with  0-sitosterol  were  made  with  a  recording 
diffractometer  (Philips  Electronics  Inc.), 
fitted  with  a  rotating  specimen  cup.  Samples 
were  ground  to  200  mesh  and  placed  in  the 
diffractometer  cups  which  were  filled  to  the 
top  surface.  This  required  about  300  mm8,  or 
300  mg  of  powder.  Loss  of  powder  during 
rotation  was  prevented  by  placing  a  J^-mil 
sheet  of  plastic  over  the  specimen  surface. 
Chromium  x-ray  radiation,  filtered  by  vana- 
dium, was  used  for  the  diffractometer  runs. 
The  chromium  tube  was  operated  at  35  KV 
and  12  ma.  Since  the  strongest  lines  of  the 
purified  sterols  fell  in  the  region  20  to  30° 
20,  this  range  was  used  for  scanning  the  mix- 
tures. 

Colorimetry.  Visual  absorption  meas- 
urements of  the  sterol  mixtures  were  made 
with  a  Klett-Summerson  photoelectric  col- 
orimeter. For  these  determinations,  the 
sterol  mixtures  were  dissolved  in  acetic  acid. 
All  solutions  had  a  concentration  of  0.1  mg 
per  cc. 

Two  colorimetric  methods  were  used : 

(I)  A  differential  method  was  used  for  as- 
saying the  mixtures  of  cholesterol  with  di- 
hydrocholesterol.   In   this   method,2   total 
sterols  (A)  were  measured  by  the  color  re- 
action of  anthrone  with  sterol  digitonides  in 
the  presence  of  sulfuric  acid  (670  mji).  Cho- 
lesterol (B)  in  these  mixtures  was  deter- 
mined by  the  Lieberman-Burchard  reaction 
(620  IXIM).  It  follows  that  the  concentration 
of  such  a  sterol  as  dihydrocholesterol,  which 
gives  no  color  as  a  result  of  the  Lieberman- 
Burchard  reaction,  is  equal  to  (A)  minus 
(B). 

(II)  The  colorimetric  method  used  for  the 
assay  of  cholesterol  and  £-sitosterol  mixtures 
depends  on  the  fact  that  0-sitosterol  and 
cholesterol  have  different  absorption  coeffi- 
cients in  the  Lieberman-Burchard  reaction. 
A  standard  curve  was  prepared  by  plotting 
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absorbancy  of  pure  cholesterol  and  0-sitos- 
terol,  and  mixtures  of  these  substances.  The 
percentage  composition  of  unknown  mixtures 
was  determined  by  the  use  of  this  standard 
curve. 

Discussion 

The  assay  of  mixtures  of  sterols  like  those 
found  in  biological  extracts  may  be  ap- 
proached by  applying  methods  used  in  both 
the  qualitative  and  quantitative  determina- 
tion of  indiviudal  sterols.  It  has  been  shown1 
that  because  of  the  similarity  of  the  spectra, 
infrared  absorption  spectrophotometry  is  not 
entirely  satisfactory  for  the  qualitative  iden- 
tification of  the  commonly  occurring  sterols. 
This  is  especially  true  in  the  case  of  choles- 
terol and  j8-sitosterol  which  have  absorption 
patterns  that  are  identical  even  in  the  small- 
est detail.  While  other  sterols  differ  some- 
what in  the  details  of  their  spectra,  in  many 
cases  these  differences  are  insufficient  for 
positive  differentiation  and/or  identification. 

X-ray  diffraction,  on  the  other  hand,  yields 
powder  patterns  which  differ  sufficiently  to 
permit  the  positive  identification  of  a  given 
sterol.  However,  certain  precautions  must  be 
observed  in  the  use  of  powder  patterns  for 
this  purpose,  since  a  number  of  sterols  can 
crystallize  in  more  than  one  system  and 
thus  yield  more  than  one  pattern  for  the 
same  substance.  Since  the  crystalline  form  is 
determined  by  the  solvent  and  crystalliza- 
tion conditions,  standardization  of  procedure 
is  necessary  to  obtain  reproducible  results. 

While  both  infrared  spectrophotometry 
and  x-ray  diffraction  offer  possibilities  for  the 
quantitative  determination  of  single  sterols, 
these  methods  require  highly  complex  and 
expensive  instruments.  Practical  methods 
utilizing  photoelectric  colorimeters  are  avail- 
able and  used  extensively.  The  majority  of 
these  are  modifications  of  the  Lieberman- 
Burchard  reaction,8  and  suitable  for  tenta- 
tive identification  and  comparative  analysis. 
They  cannot  be  used  for  determination  of  a 
few  of  the  sterols,  including  dihydrocholes- 
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terol,  which  do  not  yield  a  color  in  the  Lieber- 
man-Burchard  reaction.  For  these  substances 
quantitative  infrared  or  x-ray  diffraction 
methods  are  feasible. 

In  the  isolation  of  0-sterols  from  biological 
samples,  advantage  is  taken  of  the  fact  that 
these  compounds  form  insoluble  digitonides. 
While  direct  analysis  of  the  sterol  digitonides 
would  simplify  the  determination  of  sterols 
in  biological  extracts,  unfortunately  all  of  the 
sterol  digitonides  investigated  have  identical 
infrared  absorption  spectra  and  x-ray  dif- 
fraction powder  patterns.1  On  the  other 
hand,  photoelectric  colorimetry  may  be  suc- 
cessfully applied  to  the  digitonides,  since  the 
absorption  spectra  resulting  from  the  reac- 
tion of  these  substances  with  the  Lieberman- 
Burchard  reagents  are  identical  with  the  spec- 
tra of  the  corresponding  sterols  treated  in  the 
same  way.  An  example  of  such  a  method  is 
the  differential  determination  of  cholesterol 
and  dihydrocholesterol  in  a  mixture  of  their 
digitonides  by  colorimetric  method  (I)  above. 

In  experimental  work  with  sterols,  mix- 
tures rather  than  pure  substances  are  the 
rule.  In  the  investigation  of  mixtures  by 
infrared  spectrophotometry  and  x-ray  dif- 
fraction, the  procedure  was  to  determine  first 
if  the  spectra  or  diffraction  patterns  of  the 
components  were  distinguishable  in  the  mix- 
ture, and  second  to  investigate  the  conditions 
under  which  a  quantitative  determination 
of  the  composition  of  the  mixture  might  be 


The  possibility  of  using  infrared  absorp- 
tion spectrophotometry  for  analysis  of  mix- 
tures depends  on  the  components  of  the 
mixture.  For  example,  mixtures  of  cholesterol 
and  jS-sitosterol  cannot  be  assayed  by  this 
method,  inasmuch  as  j8-sitosterol  and  choles- 
terol possess  almost  identical  absorption 
spectra  in  the  infrared  region.  In  the  case  of 
cholesterol  and  dihydrocholesterol  mixtures, 
infrared  spectrophotometry  would  appear  to 
be  applicable,  since  each  sterol  has  specific 
spectral  absorption  bands.  Unfortunately, 
because  of  the  weakness  of  these  bands,  the 


VAPOR  SPECTRA  (INFRARED  AJ\D  ULTRAVIOLET) 


spectra  of  mixtures  containing  less  than  25  % 
dihydrocholesterol  or  cholesterol  cannot  be 
distinguished  from  the  spectra  of  the  major 
component.  It  is  clear  that  this  method  is  not 
reliable  qualitatively,  and  is  useless  from  the 
quantitative  point  of  view. 

As  applied  to  the  analysis  of  sterol  mix- 
tures, x-ray  diffraction  was  more  effective 
than  infrared  spectrophotometry.  The  pres- 
ence of  all  components  was  recognized  in  the 
patterns  of  physical  mixtures.  Furthermore, 
this  method  could  be  used  to  determine  the 
composition  of  physical  mixtures  within 
10%,  by  using  diffractometer  calibration 
charts.  The  x-ray  technique  was  inadequate 
for  the  analysis  of  crystallized  mixtures  of 
sterols.  When  dissolved,  mixtures  of  sterols 
often  crystallize  as  complex  crystals,4  the 
pattern  of  which  differs  from  that  of  the  phys- 
ical mixture  of  the  same  percentage  compo- 
sition. The  formation  of  these  complex  crys- 
tals depends  in  an  undetermined  way  on 
the  percentage  composition  of  the  mixture. 
Therefore,  until  further  studies  have  been 
completed,  the  use  of  x-ray  diffraction  for 
quantitative  determination  of  mixtures — 
other  than  physical— is  not  recommended. 

If  the  qualitative  analysis  of  a  sterol  mix- 
ture has  been  determined  by  x-ray  diffrac- 
tion or  some  other  method,  in  many  cases  it 
is  possible  to  apply  differential  colorimetric 
analysis.  Two  such  methods  have  already 
been  mentioned  in  the  section  on  colorimetry . 
By  similar  selective  applications  of  absorp- 
tion coefficients  and  colorimetric  reagents, 
the  quantitative  analysis  of  mixtures  of 
sterols  is  often  possible. 
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VAPOR  SPECTRA  (INFRARED  AND 
ULTRAVIOLET) 

Absorption  spectra  of  non-volatile  sub- 
stances are  usually  determined  in  the  liquid 
or  solid  state.1- 2  The  advantages  of  deter- 
mining absorption  spectra  in  the  vapor  state 
have  not  been  made  use  of  mainly  because 
of  the  experimental  difficulties  involved  in 
achieving  accurate  results.  When  measure- 
ments in  the  vapor  state  are  needed  for 
theoretical  or  analytical  purposes,  volatile 
liquids  are  handled  quantitatively  by  pres- 
sure measurements.  For  compounds  having 
volatilities  of  a  few  millimeters  at  room  tem- 
perature, pressure  measurements  are  diffi- 
cult and  are  customarily  avoided.  These  dif- 
ficulties have  been  obviated  simply  by 
complete  vaporization  of  precisely  measured 
small  volumes  of  liquid  directly  into  an 
evacuated  absorption  cell.  The  technique  is 
a  modification  of  this  laboratory's  self-filling 
micropipet  method  of  introducing  minute 
liquid  samples  with  high  precision  into  a 
mass  spectrometer.8- 4 

Experimental 

Cell-filling  Technique.  The  technique 
for  quantitatively  vaporizing  liquids  into  a 
vacuum  involves  sampling  with  a  capillary 
self-filling  micropipet.3' 4  Mercury  is  poured 
into  the  barrel  of  the  pipet  containing  the 
sample  in  order  to  seal  the  upper  end;  the 
pipet  is  touched  to  the  sintered  disc  of  the 
evacuated  cell  and  the  rubber  tubing  is  used 
as  a  squeeze-bulb  to  squirt  the  sample  and 
part  of  the  mercury  into  the  sintered  disc. 

Spectral  measurements  were  made  on  a 
Parkin-Elmer  Model  21  double-beam  infra- 
red spectrometer. 

Some    advantages   of   the   quantitative 
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TABLE  1.  ADVANTAGES  OP  QUANTITATIVE 
METHOD  FOE  VAPOR  SPECTRA 

1.  Solvent  interference  is  eliminated. 

2.  Fine  structure  of  vapor-phase  spectra  facili- 

tates qualitative  analysis. 

3.  Quantitative  analysis  of  multicomponent  mix- 

tures can  be  carried  out. 

4.  Infrared  vapor  spectra  of  volatile  compounds 

in  aqueous  solutions  can  be  obtained. 

5.  Complex  formation,  such  as  hydrogen  bond- 

ing and  alcohol-aldehyde  complexing  is 
eliminated  or  diminished  and  the  broad, 
masking  absorption  bands  due  to  association 
are  sharpened  or  eliminated. 

6.  Absorption-law  deviations  due  to  finite  slit 

widths  are  rare.  Absorption  law  tests  are 
rapidly  made  by  adding  increments  of  sam- 
ple to  the  cell. 

7.  Vapor  pressures  of  a  single  component  or  of 

components  in  mixtures  in  the  absorption 
cell  can  be  calculated  accurately  without 
the  use  of  vapor-pressure  data. 

8.  Infrared  pressure-broadening  effects  of  mix- 

tures of  vaporized  liquids  can  be  studied 
quantitatively. 

9.  Vapor-phase  reactions  can  be  studied  quanti- 

tatively. Reactants  can  be  added  easily  to 
the  reaction  mixture  at  any  stage. 
10.  The  method  is  applicable  to  compounds  of 
low  volatility,  since  low  vapor  pressures  are 
usable.  A  reliable  spectrum  is  obtained  in  a 
one-meter  cell  from  0.46  mm.  (calculated)  of 
methanol  vaporized  from  a  0.001-ml.  pipet. 

method  of  producing  infrared  vapor  spectra 
are  given  in  Table  1. 

Disadvantages  include  pressure-broaden- 
ing and  sorption  of  the  vapors  of  some  com- 
pounds in  the  cell.  Sorption  difficulties  can 
be  minimized  by  prior  conditioning  of  the 
system  with  the  sample. 

Qualitative  Applications 

Ultraviolet  Vapor  Spectra*  The  ultra- 
violet vapor  spectra  of  several  alkylbenzenes 
are  shown  in  Figure  1.  The  fine  structure 
compares  favorably  with  the  rather  struc- 
tureless solution  spectra.  The  vapor  spec- 
trum of  pyridine  exhibits  considerable  fine 
structure  that  is  qualitatively  useful,  but  the 
2-,  3-,  and  4-methylpyridines  have  very  little 
fine  structure.  The  vapor.spectrum  of  acetal- 
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dehyde  also  has  useful  fine  structure  that  is 
considerably  decreased  in  the  spectra  of  the 
higher  homologs,  propionaldehyde  and  bu- 
tyraldehyde. 

Infrared  Vapor  Spectra:  Hydrogen- 
bond  Dissociation.  Vapor  spectra  in  Fig- 
ure  2  illustrate  the  advantageous  production 
of  fine  structure  and  elimination  of  the  broad 
absorption  due  to  hydrogen-bonding  cus- 
tomarily found  in  the  spectra  of  alcohols  in 
the  liquid  state.  Hydrogen-bonded  complexes 
show  broad,  ill-defined  bands  in  the  region 
of  the  hydroxyl  stretching  vibration.  These 
broad  bands  may  cover  up  a  variety  of  bands 
due  to  different  hydrogen  vibrations,  such  as 
the  sharp  bands  of  free  NH  and  OH  groups. 
Furthermore,  the  vapor  spectra  of  hydroxyl 
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FIG.  1.  .Ultraviolet  vapor  spectra  from  0.001  ml 
of  aromatics  vaporized  in  a  10-cm  cell  of  32.9  ml 
volume.  Slit  width  0.78  A  at  3000  A. 
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FIG.  2.  Infrared  vapor  spectra,  0.008-ml  pipet;  10  cm-cell. 
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compounds  are  free  of  the  strong,  ill-defined 
absorption  at  long  wavelengths  that  occur  in 
liquid  spectra.5' 6 

Undesirable  complexes  from  secondary  re- 
actions are  formed  in  some  systems.  For  ex- 
ample, liquid  aldehyde  and  alcohol  react  to 
form  hemiacetals.  These  are  unstable  entities 
with  strong,  characteristic  spectra  that  inter- 
fere with  analyses.7  In  vapor-state  spectra, 
such  complexes  can  be  avoided. 

Quantitative  Applications: 
Ultraviolet  Spectra 

The  ultraviolet  spectra  in  Figure  1  can  be 
duplicated  to  within  0.01  absorbance  unit, 
or  to  within  1  per  cent  by  the  liquid  cell- 
filling  technique.  In  a  10-cm.  quartz  cell  with 
32,9  ml.  volume,  the  pressure  of  toluene  pro- . 


duced  at  25°C  by  0.001  ml.  of  liquid  is  5.3 
mm.  This  pressure  would  be  troublesome  to 
measure  with  a  reproducibility  of  1  per  cent. 

Benzene  and  Toluene.  Quantitative  anal- 
yses were  attempted  with  benzene-toluene 
mixtures.  Intense  absorption  bands  gave  bad 
results  because  of  deviations  from  the  ab- 
sorption law.  Weaker  bands  gave  fairly  good 
results,  although  weaker  bands  entail  some- 
what lower  sensitivity. 

The  apparent  deviation  from  the  absorp- 
tion law  may  be  due  to  finite  slit  widths  or 
nearby  stray  radiation.8  Fluorescence  of 
samples  has  been  described  as  a  possible 
source  of  such  deviations  in  absorbance 
measurements  on  instruments  that  require 
the  sample  to  be  located  between  the  exit 
slit  and  the  detector,9* 10  but  the  possibility 
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of  fluorescence  interference  was  eliminated 
by  a  glass  filter  method.1 

Cs  Aromatics.  Analyses  of  two  blends  of 
Cs  aromatics  are  shown  in  Table  2.  Results 
for  these  4-component  blends  are  generally 
as  good  as  solution  analyses.  Calibrations 
were  carried  out  with  0.001  ml.  of  each 
liquid.  The  deviations  from  the  absorption 
law  were  not  as  troublesome  as  with  ben- 
zene and  toluene. 

TABLE  2.  ULTRAVIOLET  ANALYSIS  OP  Cs 
AROMATICS;  10  cm.  CELL 


Volume-percent 

Blend 

X,  A 

Component 

Syn- 

Anal- 

Differ- 

thetic 

yds 

ence 

1 

2706 

m-Xylene 

20.6 

21.3 

+0.7 

2691 

o-Xylene 

14.8 

14.5 

-  .3 

2520 

Ethylbenzene 

15.1 

14.3 

-  .8 

2585 

p-Xylene 

49.5 

49.9 

+  .4 

2 

2706 

m-Xylene 

30.1 

28.6 

-1.5 

2691 

o-Xylene 

24.5 

25.2 

+  .7 

2520 

Ethylbenzene 

21.7 

21.4 

-  .3 

2585 

p-Xylene 

23.7 

24.8 

+1.1 

Infrared  Spectra 

Absorption  Law  Deviations.  The  14.8 
micron  band  of  benzene  exhibits  a  very- 
definite  deviation  from  the  absorption  law 
in  the  liquid  or  solution  states.  In  the  vapor 
state  (Fig.  3)  this  band  is  split  into  P,  Q, 
and  R  branches;  the  Q  branch  is  extremely 
sharp  and  shows  the  same  deviation  from 
linearity  as  in  the  liquid.  But  the  R  branch 
is  linear;  as  the  second  strongest  band  in  the 
spectrum,  it  is  suitable  for  analytical  use. 

Pressure-broadening.  The  vapor-phase 
methanol  band  at  9.7  microns  nearly  obeys 
the  absorption  law  in  the  0.5  mm.  range 
except  for  very  slight  self-pressure  broaden- 
ing. Vapor-phase  analysis  of  methanol  in  the 
presence  of  water  demonstrated  a  much 
larger  pressure-broadening  effect.  The  inten- 
sity of  the  PQR  band  at  9.7  microns  in- 
creased almost  linearly  with  incremental 
additions  of  water.  Table  3  lists  the  Q- 
branch  absorbance  values  for  various  vol- 
umes of  water.  The  pressure-broadening 
effect  of  air  on  methanol  was  also  large 
(Table  3).  These  data  indicate  the  ease  of 
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FIG.  3.  Infrared  bands  of  benzene  vapor  in  1-meter  cell;  absorption  law  linearity  tests  for  the  14.8 
micron  PQR  band;  0.003  ml  pipet. 
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studying  pressure-broadening  effects  of  nor- 
mally liquid  substances  at  low  pressures. 

Aqueous  Solutions.  Water  as  an  infrared 
solvent  is  extremely  troublesome.  Because 
of  the  opacity  of  liquid  water,  permissible 
cell  thicknesses  are  so  small  that  quantitative 
applications  are  limited.  In  contrast  to 
liquid  water,  the  vapor  is  a  comparatively 
weak  absorber.  Accurate  analyses  of  aque- 
ous solutions  of  volatile  compounds  are 
possible  by  the  vapor  technique.  The  only 
precaution  required  is  that  the  partial  pres- 
sure of  water  vapor  be  kept  below  the  point 
of  condensation.  KBr  cell  windows  can  be 
used  successfully. 

Vaporized  solutions  of  ethanol  in  water 
and  methanol  in  water  were  investigated 
(see  Table  4).  The  methanol  band  inten- 
sity was  increased  considerably  by  broaden- 
ing due  to  water.  Ethanol  also  showed  slight 
evidence  of  pressure-broadening.  These  re- 
sults indicate  that  aqueous  solutions  of  a 
particular  alcohol  can  be  analyzed  in  the 
vapor  state  by  means  of  an  empirical  calibra- 
tion curve.  The  lower  limit  for  analyses  of 
methanol  or  ethanol  in  water  in  a  one-meter 
cell  is  below  one  per  cent. 

Vapor-phase  Reactions.  The  vapor 
technique  is  suitable  for  studying  vapor- 
phase  reactions.  Incremental  amounts  of 
reactants  may  be  added  directly  to  the  ab- 
sorption cell  without  danger  of  losing  part 
of  the  reactants  or  the  products  already  in 
the  cell.  Mixing  the  reactants  is  a  minor  con- 
sideration because  of  the  low  pressures  of 
the  reactants. 

Vapor-phase  reactions  of  acetaldehyde  and 
methanol  were  investigated.  After  acetalde- 
hyde was  added  to  the  cell,  small  amounts 
of  methanol  were  injected  and  the  spectra 
recorded  after  each  addition  (Fig.  4).  The 
distinctive  hemiacetal  bands  that  are  found 
in  the  spectra  of  liquid  mixtures  of  acetalde- 
hyde and  methanol  did  not  occur  in  the 
vapor  mixtures  at  low  pressures.  However, 
the  acetaldehyde  band  at  11.0  microns  was 
enhanced  by  methanol. 

The  dissociation  of  acetic  acid  has  also 


TABLE  3.  PBBSSTIBB  BROADENING  OF  METHANOL 

9.68  /*  BAND  BY  AIR  AND  BY  WATER 
Water:  (10-cm.  cell) 


Methanol  liquid 
volume,  mL 

Absorbance  of 
methanol 
vapor 

Volume  of 
water,  ml. 

Absorbance  of 
vapor, 
methanol  and 
water 

0.001 

0.128 

0.001 

0.152 

.002 

.172 

.003 

.191 

Air:  (1 -meter  cell) 


Methanol  liquid 
volume,  xnL 

Absorbance  of 
methanol  vapor 

Absorbance  of  meth- 
anol +  50  mm.  air 

0.001 

0.085 



.002 

.157 

0.260 

.003 

.219 

.385 

.004 

.281 

.497 

.005 

.354 

.573 

TABLE  4.  VAPOR-PHASE  INFRARED  ANALYSIS  OF 
ALCOHOLS  IN  WATER 


Wavelength,  M 

Component 

Liquid  volume, 
percent 

Known 

Found 

10-cm.  cell 

9.68 

Methanol 

33.3 

48.0* 

Water 

66.7 

9.46 

Ethanol 

33.3 

33.7 

Water 

66.7 

1  -meter  cell 

9.46 

Ethanol 

3.3 

4.4 

Water 

96.7 

9.46 

Ethanol 

6.3 

8.0 

Water 

93.7 

9.46 

Ethanol 

16.7 

19.6 

Water 

83.3 

9.46 

Ethanol 

95.5 

94.2 

Water 

4.5 

True  analyses  are  obtainable  with  empirical 
calibration  curves  correcting  for  pressure  broad- 
ening. 

been  studied  by  the  present  technique.  The 
acetic  acid  bands  that  increase  in  relative 
intensity  with  decrease  in  sample  pressure 
can  be  identified  as  bands  due  mainly  to 
monomer.  Correspondingly,  bands  that  de- 
crease in  intensity  with  decreasing  pressure 
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(Bureau  of  Mines 
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FIG.  4.  Infrared  spectra  of  aldehyde  vapor  with  increments  of  methanol  added. 
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ANALYTICAL  CHEMICAL  APPLICATIONS 

In  recent  years  the  mass  spectrometer  has 
developed  into  a  versatile  analytical  instru- 
ment for  qualitative  and  quantitative  anal- 
ysis as  well  as  for  molecular  structure  deter- 
mination. A  brief  discussion  of  the  theory  of 
mass  Spectrometry  is  necessary  to  explain  its 
use  in  an  analytical  laboratory. 

When  a  compound  in  the  vapor  state  is 
admitted  to  the  evacuated  ionization  cham- 
ber of  the  mass  spectrometer  the  molecules 
of  the  compound  are  bombarded  by  elec- 
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trons  from  a  glowing  tungsten  filament. 
These  electrons  have  sufficient  energy  to 
crack  some  of  the  molecules  into  fragments 
and  ionize  both  the  molecules  and  the  frag- 
ments. The  ions  (usually  only  the  positive 
ions)  are  accelerated  to  a  desired  kinetic 
energy  into  a  magnetic  field  where  they  are 
separated  into  discrete  ion  beams  according 
to  their  m/e  (ratio  of  mass  to  charge).  The 
ion  beams  can  be  detected  individually  on  a 
collector  plate  by  "sweeping"  the  ion  beams 
past  a  slit  in  front  of  the  collector  plate. 
"Sweeping"  is  accomplished  by  varying  the 
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magnetic  field  or  the  ion-accelerating  volt- 
age. The  ion  current  to  the  ion-collector 
plate  is  amplified  and  recorded  either  photo- 
graphically from  galvanometers  or  on  a 
strip  chart  recorder.  The  relative  abundance 
of  the  ions  is  proportional  to  the  relative  ion 
beam  intensities  or  to  the  "peak"  heights 
on  the  photographic  record  or  chart  paper. 

The  mass  spectrum  of  a  compound  con- 
sists of  the  masses  (actually  m/e)  of  the  ion 
fragments  produced  in  the  ionization  cham- 
ber and  the  relative  abundance  or  "peak" 
heights  of  these  ions.  No  two  compounds  will 
be  cracked  and  ionized  in  exactly  the  same 
way,  so  no  two  compounds  will  have  exactly 
the  same  mass  spectrum.  The  mass  spectrum 
is  a  "fingerprint"  of  a  compound  just  as  the 
infrared  spectrum  is.  It  is  obvious  from  this 
that  the  mass  spectrum  can  be  used  for  quali- 
tative identification  of  the  compound. 

Normally  the  pressure  of  a  compound  in 
the  ion  source  of  a  mass  spectrometer  is 
about  10""4  mm.  The  temperature  of  the  ion 
source  is  about  200°C.  This  puts  a  limit  on 
the  number  of  compounds  that  will  give  a 
mass  spectrum.  A  mass  spectrum  can  be  ob- 
tained on  only  those  compounds  which,  at 
the  temperature  of  the  ion  source,  have  a 
vapor  pressure  of  at  least  10~5  to  10"4  mm. 
In  reality  the  mass  spectrometer  is  more 
limited  than  this.  The  construction  of  the 
spectrometer  is  such  that  the  ionization 
chamber  is  continually  pumped  out.  The 
sample  to  be  analyzed,  contained  in  a  sample 
reservoir,  is  admitted  continually  into  the 
ionization  chamber  through  a  small  hole 
called  a  "leak."  An  equilibrium  state  be- 
tween "leaking"  in  and  pumping  out  of 
sample  is  reached  almost  immediately  so 
that  a  constant  pressure  of  replenished  sam- 
ple is  maintained  in  the  ionization  chamber. 
The  sample  reservoir  (usually  about  three 
liters  in  size)  contains  the  sample  at  a  pres- 
sure about  10  to  100  times  as  large  as  that 
in  the  ionization  chamber.  The  sample  reser- 
voir pressure  is  normally  about  0.05  mm. 
Therefore,  the  practical  limit  of  obtaining  a 


mass  spectrum  is  that  the  compound  must 
have,  at  the  temperature  of  the  sample 
reservoir,  a  vapor  pressure  large  enough 
to  vaporize  completely  when  introduced 
into  the  reservoir. 

Auxiliary  Equipment 

Certain  auxiliary  equipment  is  almost  a 
necessity  for  an  analytical  mass  spectrom- 
eter. Some  means  must  be  available  for 
measuring  the  sample  size  or  pressure  in  the 
sample  reservoir.  The  most  convenient 
method  of  measuring  sample  pressure  is 
with  a  micromanometer.  A  commercially 
available  instrument  for  use  on  mass  spec- 
trometers will  measure  pressure  in  the  range 
of  0-150  microns. 

If  the  samples  are  gases  at  room  temper- 
ature another  method  of  measuring  the  pres- 
sure is  also  convenient.  A  small  volume  of 
the  gas  (about  3  ml)  at  a  pressure  of  50  mm 
(which  can  be  measured  on  an  ordinary 
mercury  manometer)  is  expanded  into  the 
sample  reservoir.  If  the  reservoir  volume  is 
known  the  final  pressure  of  gas  in  the  reser- 
voir can  be  calculated. 

If  the  sample  is  a  liquid  it  may  be  intro- 
duced into  the  sample  reservoir  with  a  micro- 
pipet  or  microsyringe.  The  volume  intro- 
duced can  be  measured,  and  from  the  specific 
gravity  the  weight  of  sample  introduced  can 
be  calculated. 

The  range  of  applicability  of  a  mass  spec- 
trometer is  greater  if  the  temperature  of  the 
sample  reservoir  is  higher.  The  simplest  way 
of  doing  this  is  to  enclose  the  reservoir  in  an 
oven.  A  temperature  of  200°C  is  a  good 
average  temperature  of  operation.  Materials 
of  construction  are  critical  when  operating 
the  reservoir  at  elevated  temperatures. 
Usually  glass  and  stainless  steel  are  used  in 
the  reservoir  and  valves.  Soft  solder  cannot 
be  used  at  200°C;  any  metal  joints  would 
have  to  be  silver-soldered.  "Teflon"  makes  a 
good  gasket  material  for  valves  and  joints 
at  this  temperature. 

With  the  heated  reservoir  (or  sample  sys- 
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tern)  it  is  possible  to  obtain  mass  spectra  on 
very  high  boiling  and  polar  materials.  At 
room  temperature  polar  compounds  absorb 
on  the  glass  walls  of  the  reservoir  and  give 
nonreproducible  results.  High  boiling  mate- 
rials at  room  temperature  might  not  have 
sufficient  vapor  pressure  to  give  a  mass 
spectrum. 

Introduction  of  Samples 

One  problem  in  analyzing  liquids  and 
solids  is  that  of  introducing  the  materials 
into  the  evacuated  sample  reservoir  without 
introducing  air  at  the  same  time.  The  prob- 
lem has  been  solved  by  several  techniques. 

Liquids  can  be  introduced  at  room  temper- 
ature through  a  mercury-covered,  sintered 
glass  disk  on  the  reservoir.4*  14» 19  The  tip  of 
a  micropipet  of  liquid  is  pushed  through  the 
mercury  to  touch  the  sintered  glass  disk. 
The  low  pressure  in  the  reservoir  draws  the 
liquid  out  of  the  pipet  and  vaporizes  it  in- 
stantaneously. 

A  similar  method  is  the  one  using  a  mer- 
cury sealed  orifice.2  The  micropipet  of  liquid 
is  inserted  under  the  mercury  into  the  orifice. 
The  low  pressure  draws  the  liquid  into  the  res- 
ervoir and  vaporizes  it.  When  mercury 
flows  through  the  micropipet  the  pipet  is 
removed  and  a  glass  rod  with  a  rubber  gasket 
is  inserted  in  the  orifice  to  seal  off  the  mer- 
cury flow. 

For  elevated  temperatures  the  sintered 
disk  can  be  covered  with  gallium,  which  has 
a  negligible  vapor  pressure  even  at  400°C. 
The  micropipet  can  be  used  in  the  same  way 
as  it  is  for  the  mercury-covered,  sintered 
disk.  When  solids  melting  below  the  reser- 
voir temperature  are  to  be  run,  the  micro- 
pipet is  filled  with  the  molten  compound.  It 
will  solidify  in  the  pipet  at  room  tempera- 
ture, but  when  it  is  inserted  in  the  hot  gal- 
lium it  will  melt  and  be  drawn  into  the 
reservoir. 

A  better  method  for  introducing  liquids 
into  a  heated  sample  system  is  to  use  a  hy- 
podermic needle  through  a  self-sealing  silicone 
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rubber  diaphragm.20  The  liquid  is  drawn  up 
into  the  needle  the  top  end  of  which  is 
sealed  with  a  silicone  plug;  the  other  end 
is  inserted  through  the  silicone  diaphragm. 
The  high  temperature  and  low  pressure  al- 
most instantaneously  vaporize  the  sample. 
The  best  method  of  positive  introduction 
of  solid  samples  is  by  introducing  the  sample 
in  a  "Teflon"  cup  through  a  "Teflon"-sealed 
orifice.1  The  sample  is  put  in  a  hole  drilled 
in  a  "Teflon"  slug.  A  solid  slug  is  put  on  the 
open  end  of  the  sample  slug  and  both  are 
put  in  a  split  sleeve.  The  sleeve  is  placed 
upright  on  the  "Teflon"-sealed  orifice  and  a 
plunger  is  pushed  down  until  the  sample 
slug  goes  into  the  reservoir  and  the  solid 
slug  behind  it  seals  off  the  orifice.  The  high 
temperature  causes  the  solid  to  melt  and 
vaporize. 

Interpretation  of  Spectra 

The  mass  spectrum  of  a  mixture  of  com- 
pounds is  merely  the  sum  of  the  individual 
spectra  of  all  the  compounds  with  consid- 
eration of  the  mole  fraction  of  each  of  the 
compounds.  Any  ion  fragment  of  a  com- 
pound can  be  used  for  the  calculation  of  its 
concentration  in  a  mixture,  but  usually  an 
ion  fragment  (or  peak)  is  picked  that  is 
characteristic  of  the  compound  and,  if  pos- 
sible, without  interference  from  peaks  of 
the  other  compounds  in  the  mixture. 

"Sensitivities"  for  compounds  are  deter- 
mined by  dividing  the  peak  height  (ion  cur- 
rent) for  a  characteristic  ion  fragment  of  the 
pure  compound  by  the  pressure  of  the  com- 
pound in  the  reservoir.  From  this  "sensitiv- 
ity" and  the  peak  height  of  the  compound  in 
the  mixture  spectrum  the  partial  pressure 
(and  mole  per  cent)  of  the  compound  in  the 
mixture  can  be  calculated. 

Calculating  compositions  of  mixtures  is 
simple  if  the  components  of  the  mixture 
give  spectra  that  do  not  mutually  interfere 
at  all  their  masses.  If  there  are  mono-com- 
ponent fragments  for  each  compound,  meas- 
urements of  peak  heights  will,  with  simple 
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calculations  using  the  sensitivities  of  the 
compounds,  yield  the  mole  per  cent  of  each 
component. 

If  the  mixture  spectrum  has  no  mono- 
component  peaks,  simultaneous  equations 
must  be  used  to  calculate  the  contributions 
at  characteristic  peaks  of  each  of  the  com- 
ponents. With  twelve  simultaneous  equa- 
tions, calculations  for  as  many  as  twelve 
components  can  be  easily  performed  with 
calculators. 

The  mass  spectrum  can  be  used  to  identify 
unknown  compounds.  The  use  in  this  case  is 
very  amnlftr  to  the  use  of  infrared  spectra. 
A  file  of  mass  spectra  of  many  compounds 
is  necessary.  The  unknown  spectrum  is  com- 
pared with  the  knowns.  A  method  of  sorting 
mass  spectra  to  pick  out  the  known  spectra 
which  match  the  unknown  will  expedite 
this  technique.  A  good  method  of  sorting 
spectra  makes  use  of  spectra  coded  on  IBM 
cards.1  The  m/e  of  major  fragments  or  peaks 
in  the  mass  spectrum  of  a  compound  are 
punched  on  IBM  cards.  The  IBM  collator 
can  select  cards  which  have  major  peaks  at 
the  masses  of  the  major  peaks  of  the  un- 
known. Simultaneously  it  rejects  cards 
which  have  major  peaks  at  the  masses  at 
which  the  unknown  spectrum  has  no  major 
peaks. 

The  mass  spectrum  will  help  greatly  in 
elucidating  the  structure  of  a  compound. 
Many  articles  have  been  published  on  the 
mass  spectra  of  classes  of  compounds.5'  6«  7» 
8, 10, 12,  is,  IB,  IT  Empirical  formulas  for  major 
peaks  in  the  spectra  of  compounds  in  certain 
classes  have  been  worked  out.  The  peaks  in 
the  spectrum  of  an  unknown  compound  in  a 
certain  family  of  compounds  can  be  used  to 
determine  the  structure  of  the  unknown 
compound. 

The  mass  spectrum  of  a  compound  is 
determined  by  the  stability  of  its  bonds.  In 
other  words,  cracking  of  a  compound  in  the 
mass  spectrometer  will  occur  most  abun- 
dantly at  its  weakest  bond.  This  information 
will  help  in  determining  quite  a  bit  about 


the  structure  of  the  compound.  For  example, 
cracking  will  occur  to  a  greater  extent  at  a 
single  bond  than  at  a  double  bond,  and  to  a 
greater  extent  at  a  double  bond  than  at  a 
triple  bond. 

Simplifying  of  Spectra 

There  are  many  techniques  that  can  be 
used  to  concentrate  a  component  (or  com- 
ponents) in  a  mixture  so  that  a  more  use- 
able  spectrum  is  obtained.  This  is  a  neces- 
sity when  the  component  (s)  of  interest  is 
(are)  at  too  low  a  concentration  to  be  de- 
tected or  when  the  other  components  give  in- 
terfering spectra.  Distillation,  solvent  ex- 
traction, chromatography,  and  vapor  phase 
chromatography  are  some  of  the  common 
concentration  methods  used. 

Ordinarily  the  mass  spectrometer  cannot 
be  used  for  detecting  components  in  a  mix- 
ture in  the  parts  per  million  range.  But  by 
special  techniques  organic  impurities  in  the 
atmosphere  can  be  detected  in  this  concen- 
tration range.9  «15'18  One  rapid,  simple 
method9  consists  of  collecting  an  air  sample 
in  a  50-ml  glass  bulb.  The  bulb  is  immersed 
in  liquid  nitrogen  to  condense  all  the  con- 
densible  impurities  and  the  non-condensibles, 
such  as  nitrogen,  oxygen,  argon,  etc.,  are 
pumped  off.  The  bulb  is  then  warmed  to 
room  temperature,  the  contents  admitted  to 
the  sample  reservoir,  and  the  mass  spectrum 
scanned.  Impurities  in  the  range  of  10  ppm 
are  detectable. 

This  technique  can  be  extended  to  a  lower 
limit  of  detection.  Increasing  the  sample 
bulb  to  a  volume  of  200  ml,  decreasing  the 
sample  reservoir  in  size  from  3  liters  to  150 
ml,  and  raising  the  filament  emission  current 
in  the  ion  chamber  by  a  factor  of  four  lowers 
the  limit  of  detection  so  that  as  little  as  0.1 
ppm  of  impurity  can  be  detected  in  the  at- 
mosphere. Replacing  the  normal  DC  ampli- 
fier on  the  mass  spectrometer  with  a  vibrat- 
ing reed  electrometer  increases  sensitivity  by 
a  large  factor  (about  10-100).  With  the 
vibrating  reed  electrometer  as  little  as  0.01 
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ppm  of  impurities  can  be  detected  in  the 
atmosphere. 

A  recent  technique  for  simplifying  the 
spectrum  of  a  mixture  of  compounds  is  low 
voltage  mass  speetrometry.8  The  mass  spec- 
trum is  obtained  at  an  electron-accelerating 
voltage  low  enough  so  that  no  fragmentation 
of  the  molecule  occurs.  This  essentially  gives 
a  spectrum  of  only  one  peak — that  of  the  ion 
molecule.  Obviously  this  simplifies  the  spec- 
trum of  a  mixture  of  compounds  and  elimi- 
nates much  mutual  interference.  For  exam- 
ample,  in  a  mixture  of  hydrocarbons  it  is 
possible  to  make  a  clean  separation  of  the 
saturates  and  the  unsaturates  of  a  given  C 
number. 

A  "natural"  analysis  by  the  mass  spec- 
trometer is  that  of  nonvolatile  materials  for 
volatile  components.  Since  the  nonvolatile 
material  will  give  no  spectrum  that  will  in- 
terfere, only  the  volatile  components  will 
show  on  the  spectrum.  This  permits  a  large 
sample  to  be  loaded  into  the  spectrometer  so 
that  very  small  amounts  of  volatiles  can  be 
analyzed.  The  easiest  way  to  introduce  the 
sample  into  the  reservoir  is  through  a 
"Veeeo"  quick-vacuum  coupling.  This  cou- 
pling with  a  "Teflon"  "0"  ring  makes  a  vac- 
uum-tight seal  with  a  glass  or  metal  tube. 
The  sample  is  put  in  a  glass  bulb  of  suitable 
size  with  a  neck  to  fit  the  coupling.  The  bulb 
is  immersed  in  liquid  nitrogen  and  the  air  is 
pumped  out  of  the  bulb.  The  liquid  nitrogen 
is  removed  and  bulb  contents  are  allowed  to 
warm  up  to  reservoir  temperature.  The 
volatile  components  then  can  be  scanned. 
Samples  as  large  as  25  grams  can  be  handled 
by  this  technique. 

This  same  coupling  can  be  used  for  intro- 
ducing fractions  from  a  vapor  phase  chro- 
matography  unit.  Usually  these  fractions  are 
collected  as  they  come  off  the  chromatog- 
raphy  column  into  a  U-tube  immersed  in 
liquid  nitrogen.  The  U-tube  is  then  inserted 
in  the  "Veeco"  quick-vacuum  coupling  and 
the  carrier  gas  pumped  off  while  the  U-tube 
is  still  in  liquid  nitrogen.  The  liquid  nitrogen 
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is  then  removed  and  the  U-tube  and  con- 
tents are  allowed  to  warm  up  to  reservoir 
temperature.  The  fraction  vaporizes  into  the 
reservoir  and  its  mass  spectrum  is  scanned. 
This  technique  is  very  useful  for  identifying 
unknown  peaks  in  a  vapor  phase  chromato- 
gram. 

REFERENCES 

1.  CALDECOUBT,  V.  J.,  Anal.  Chem.,  27,  1670 

(1955). 

2.  Consolidated  Engineering  Corporation,  CEC 

Recordings,  June,  1949. 

3.  FIELD,  F.  EL,  AND  HASTINGS,  S.  H.,  Anal. 

Chem.,  28,  1248  (1956). 

4.  FBIEDEL,  R.  A.,  SHABKEY,  A.  G.,  JR.,  AND 

HTJMBEBT,  C.  R.,  Ibid.,  21, 1572  (1949). 

5.  FBIEDBL,  R.  A.,  SHTTLTZ,  J.  L.,  AND  SHABKBY, 

A.  G.,  JR.,  Ibid.,  28, 926  (1956). 

6.  FBIEDBL,  R.  A.,  SHTJLTZ,  J.  L.,  AND  SHABKBY, 

A.  G.,  JB.,  Ibid.,  28,  940  (1956). 

7.  GlLPIN,  J.  A.,  AND  McLAFFBBTY,  F.  W.,  Ibid., 

29,  990  (1957). 

8.  GILPIN,  J.  A.,  Ibid.,  31, 935  (1959). 

9.  HAPP,  G.  P.,  STBWABT,  D.  W.,  AND  BBOCK- 

MYBE,  H.  F.,  American  Industrial  Hygiene 
Assoc.  Quarterly,  11, 135  (1950). 

10.  JTJDSON,  C.  M.,  AND  FBANCBL,  R.  J.,  ASTM 

Committee  E-14  on  Mass  Spectrometry,  San 
Francisco,  May,  1955. 

11.  McLAFFEBTY,    F.    W.,    AND    GrOHLKB,    R.    S., 

ASTM  Committee  E-14  on  Mass  Spectrome- 
try, New  Orleans,  May,  1954. 

12.  MCLAFFBBTY,  F.  W.,  Anal.  Chem.,  29,  1782 

(1957). 

13.  MBYEBSON,  S.,  Applied  Spectroscopy,  9,  120 

(1955). 

14.  PUBDY,  K.  M.,  AND  HABBIS,  R.  J.,  Anal. 

Chem.,  22,  1337  (1950). 

15.  QUIBAM,  E.  R.,  MBTBO,  S.  J.,  AND  LEWIS,  J. 

B.,  Ibid.,  26,  352  (1954). 

16.  SHABKBY,  A.  G.,  JB.,  SHULTZ,  J.  L.,  AND  FBIE- 

DBL, R.  A.,  Ibid.,  28, 934  (1956). 

17.  SHABKBY,  A.  G.,  JB.,  FBIEDBL,  R.  A.,  AND 

LANQEB,  S.  H.,  Ibid.  29,  770  (1957). 

18.  SHBPHBBD,  M.,  ROCK,  S.  M.,  HOWABD,  R., 

AND  STOBMS,  J.,  Ibid.,  28, 1431  (1951). 

19.  TAYLOB,  R.  C.  AND  YOUNG,  W.  S.,  Ibid.,  17, 

811  (1945). 

20.  WILKEBSON,  R.  C.,  ASTM  Committee  E-14  on 

Mass  Spectrometry,  San  Francisco,  May, 
1955. 

R.  BIUJCE  LBBLANC 


BENNETT  RADIO  FREQUENCY  SPECTROMETER 


ANOMALOUS  BEHAVIOR  OF  gem-DIETHERS 

Normally,  the  mass  spectrum  of  a  com- 
pound is  considered  a  "fingerprint"  of  the 
compound  if  conditions  such  as  temperature, 
focus,  and  type  of  scanning  are  held  con- 
stant. Condition  of  the  filament  in  the  ion 
source  usually  does  not  appreciably  alter 
the  cracking  pattern  of  a  compound. 

(?m-diethers  (compounds  with  two  alkoxy 
groups  on  the  same  carbon  atom)  are  one 
class  of  compounds  which  do  give  different 
spectra,  depending  on  whether  the  filament 
is  bare  tungsten  or  carbonized  tungsten. 
The  carbonized  tungsten  filament  gives  what 
can  be  called  the  normal  spectrum  of  the 
compound.  The  uncarbonized  tungsten  fila- 
ment causes  partial  decomposition  of  the 
0em-diether  into  a  vinyl  ether  and  an  alcohol 
according  to  the  equation: 

RCH,CH(OR*')  ->  RCH«CHOR'  +  R'OH 

The  mass  spectrum  obtained  under  these 
conditions  is  a  summation  of  the  normal 
spectra  of  the  0em-diether,  the  alcohol  and 
the  vinyl  ether. 

From  the  equation  above  it  can  be  seen 
that  the  0em-diether  must  have  a  beta-hy- 
drogen atom  for  this  type  of  decomposition. 
Eight  0em-diethers,  five  orthoesters  (gem- 
triethers)  and  two  cyclic  06m-diethers  were 
studied  and  the  results  were  consistent  with 
the  above  equation. 

A  0em-diester  also  exhibited  a  similar  de- 
composition. The  mass  spectra  of  allylidene 
diacetate  was  obtained  with  a  carbonized 
filament  and  an  uncarbonized  filament,  and 
with  the  latter  a  decomposition  was  ob- 
served: 

HjC—CHCH(OOCCH,)2  -> 

HiC—C— CHOOCCH,  +  CHsCOOH 

The  exact  cause  of  the  anomalous  spectra 
is  not  known.  Two  possible  causes  are  (1)  the 
uncarbonized  tungsten  catalyzes  the  decom- 
position of  the  0em-diethers,  or  (2)  the  higher 
operating  temperature  of  the  uncarbonized 


tungsten  filament  decomposes  the  gem- 
diethers. 

The  mass  spectrometers  in  most  analyti- 
cal laboratories  are  operated  with  carbon- 
ized filaments.  This  carbonization  is  accom- 
plished by  leaving  a  sample  of  hydrocarbon 
(isobutylene,  styrene,  etc.)  in  the  sample 
reservoir  for  a  long  enough  period  of  time  to 
carbonize  the  filament. 

This  anomalous  behavior  of  0em-diethers 
points  up  the  need  for  carbonization  to  at- 
tain stability  of  the  instrument.  As  the 
filament  is  carbonized  the  spectrum  changes 
slowly  from  one  of  a  mixture  of  compounds 
to  the  normal  spectrum  of  the  0m-diether. 
This  reaction  of  0m-diethers  can  be  used  as 
a  method  of  determining  when  a  filament  is 
sufficiently  carbonized  for  stable  operation 
of  the  spectrometer. 

Note:  This  research  was  published  in 
Analytical  Chemistry.  The  reference  is: 
LeBlanc,  R.  B.,  Anal.  Chem.,  30,  1797 
(1958). 
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The  Bennett  Radio  Frequency  Mass 
Spectrometer  is  a  non-magnetic  analyzer 
which  separates  ions  of  different  charge  to 
mass  ratio.  The  usual  spectrometer  consists 
of  single  stage  analyzer  sections  spaced  to 
take  advantage  of  the  transit  time  methods 
of  mass  analysis.  The  single  stage  analyzer 
used  by  itself  provides  a  low  resolution 
method  of  mass  analysis.  A  single  stage  RF 
mass  spectrometer  for  positive  ions  is  shown 
in  Figure  1.  It  consists  of  three  equally 
spaced  plane  parallel  grids,  1,  2  and  3,  called 
an  analyzer  stage,  followed  by  a  retarding 
potential  grid  4  and  an  ion  collector.  The 
negative  voltage  VA  applied  to  all  grids  of 
the  analyzer  stage  accelerates  thermal  posi- 
tive ions  from  the  ion  source  to  a  velocity  v 
proportional  to  the  square  root  of  the  charge- 
to-mass  ratio  as  defined  by  the  energy 
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equation: 

W  «  eVA  *  J^mt;2    (ergs). 

When  the  ions  enter  the  analyzer  stage,  the 
RF  field  created  by  the  sinusodial  voltage 
FRF  applied  to  the  center  grid  imparts  in- 
cremental energy  Aw  to  the  ions  as  they 
pass  through  the  stage.  The  amount  of  en- 
ergy gained  or  lost  depends  on  the  time  the 
ion  spends  between  grids  1  and  3  and  the 
phase  of  the  RF  cycle  at  the  instant  the 
ion  crosses  the  center  grid. 

The  principle  of  mass  analysis  by  RF 
velocity  selection  states  that  ions  of  velocity 
t>,  which  traverse  a  uniform  radio  frequency 
field  (w  =  2fff)  between  three  parallel  grids 
equally  spaced  a  distance  s,  gain  the  maxi- 
mum amount  of  energy  from  the  field  when 
the  transit  angle,  a  =  sa>/0,  between  adja- 
cent grids  is  2.3311  radians  and  when  the 
ion  crosses  the  center  grid  as  the  field  re- 
verses at  the  transit  angle  of  v  radians. 
Ions  which  receive  mfl.yiTmiTn  energy  are 
separated  from  ones  receiving  less  than  the 


RF 

ANALYZER 

STAGE 


RETARDING 
GRID 


3   4 


FIG.  1.  Single  stage  RF  mass  spectrometer  for 
positive  ions.  Grids  1-4  are  of  knitted  tungsten 
mesh  mounted  on  a  support  ring.  The  RF  choke 
holds  the  RF  analyzer  grid  at  the  accelerating  po- 
tential VA  .  Ci  couples  RF  energy  to  the  center 
grid,  and  Ct  provides  the  RF  ground  for  grids  1 
and  3. 
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maximum  by  a  retarding  field.  Those  ions 
which  overcome  and  pass  through  the  re- 
tarding field  reach  a  collector  and  are  de- 
tected. The  mass  of  the  selected  singly 
charged  ion  in  Atomic  Mass  Units  is 


M  - 


0.266  VA  volts 


where  VA  is  the  potential  in  volts  through 
which  the  ion  has  fallen,  s  is  the  spacing  be- 
tween adjacent  grids  in  centimeters,  and  / 
the  frequency  in  megacycles  per  second. 

Features  of  the  Bennett  Radio  Frequency 
Spectrometer  which  merit  attention  are  its 
lightweight,  simple  construction,  mass  anal- 
ysis without  a  magnetic  field,  ion  beam  cross 
section  limited  only  by  grid  size,  and  linear 
mass  to  voltage  relationship.  In  addition,  the 
electronic  circuits  required  to  generate  the 
potentials  for  the  mass  analyzer  are  not 
elaborate. 

Although  the  mass  resolution  of  a  single 
stage  RF  spectrometer  is  insufficient  for 
most  applications,  the  theory  provides  the 
basic  conditions  for  RF  velocity  selection 
and  will  be  considered  in  detail. 

Energy  Gain 

The  equation  for  the  energy  gain  Aw  is 


Fdt      (1) 


when  the  simplifying  assumptions  are  made 
that  the  energy  gained  by  the  ion  from  the 
RF  field  is  small  compared  to  the  energy 
acquired  from  the  accelerating  potential 
VA  ,  and  that  space  charge  effects  are  neg- 
ligible. In  Equation  (1)  F  is  the  force  on 
the  ion  of  mass  m  while  it  is  within  the 
stage.  In  terms  of  a  sinusodial  RF  electric 
field  between  grids  the  force  on  an  ion  when 
it  is  between  the  first  and  second  grid  is 

Fu  -  m*  -  Ee  sin  (orf  +  0) 
and  between  the  second  and  third  grid 
FM  -  m£  -  -Ee  sin  («*  -f  0) 
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where  0  is  the  phase  angle  of  the  sinusodial 
oscillation  at  t  =  0,  E  is  the  maximum  RF 
field  strength  and  e  is  the  ionic  charge. 
Time  t  is  taken  to  be  zero  when  the  ion 
crosses  the  center  grid. 

Integrating  Equation  (1)  with  transit  time 
limits  of  —  s/v  and  0  for  the  time  the  ion  is 
between  the  first  and  second  grids,  and  0 
and  s/v  when  it  is  between  the  second  and 
third  grids  gives  the  energy  gain  of  a  single 
stage. 


Aw  — 


Ee  sin  (u*  +  e)  dt 


—  Ee  sin  < 


0)  dt\ 


vEe 

6) 


-  cos  (-a  -J-  6) 

-  cos  (a  +  0)] 


(2) 


—  COS  a 


cos  9    ergs 


J 

where  E  =  FW$  and  a  =  sw/0. 


In  electron  volts  the  energy  gain  is 


7(«(?)  -  —  -  -2V^7R 


(2a) 


cos  0    volts 


Equation  (2a)  is  plotted  in  three  dimensional 
form  in  Figure  2.  Energy  Aw/e  is  plotted  on 
the  vertical  axis,  in  electron  volts  per  volt 
of  RE™ ;  ion  transit  angle  a  is  plotted  on 
the  horizontal  axis;  and  the  phase  angle  0 
rotates  about  the  transit  angle  axis.  VR , 
the  horizontal  plane  perpendicular  to  the 
energy  axis,  represents  the  retarding  poten- 
tial level. 

Optimum  Phase  and  Transit  Angle 

By  inspection  Equation  (2)  has  a  maxi- 
mum with  respect  to  8  when 

cos  e  -  -l,  (3) 

or  its  first  maximum  when  6  =  T.  In 
terms  of  the  ion  passage  through  a  stage, 


3456 
TRANSIT  ANGLE 

FIG.  2.  Incremental  energy  V(aO)  =  —  imparted  to  an  ion  in  a  single  Bennett  analyzer  stage  by  an 

RF  voltage,  Vzr  ,  as  a  function  of  the  ion  transit  time  between  adjacent  grids,  a  «  —  ,  and  the  RF 

phase  angle,  9.  The  horizontal  plane  VR  is  the  retarding  potential  level.  The  first  maximum  has  a  value 
of  2.05  Vnr  and  occurs  at  <x0  -  2.3311, 00  -  180°  -  v  radians. 
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this  means  that  in  order  to  gain  maximum 
energy  from  the  field  the  ion  must  resonate 
with  the  field  and  pass  the  center  grid  when 
the  field  reverses  direction  at  T  radians. 
When  this  occurs  the  ion  is  pulled  toward 
grid  2  by  the  field  when  it  is  between  grids 
1  and  2  and  pushed  away  from  grid  2  when 
it  is  between  grids  2  and  3. 

Substituting  6  =  IT  in  Equation  (2a) 
gives  the  maximum  energy  gained  (in  volts) 
by  an  ion  in  a  single  stage  per  volt  of  RFPms 
as  a  function  of  the  ion  transit  angle  a 


a  =  sco/0  =  2.3311  to  give 
M  = 


(5) 


Frm.      ~ 


—  COS  « 


J 


(4) 


F(a)0-T  is  plotted  in  Figure  2  as  the  solid 
curve.  It  shows  that  all  ions  satisfying  Equa- 
tion (3)  gain  energy  from  the  field,  and  that 
the  distribution  is  broad  with  the  first  max- 
imum below  v  radians.  The  maximum  occurs 
when  the  first  derivative  is  zero,  ie.:  a  sin  a 
+  cos  a  —  1  =  0.  When  graphically  solved 

the  first  mflarinrmm  OCCUTS  at 

a  —  8w/v  =  2.3311  radians. 

The  corresponding  value  for  V(a)aax  is  2.05 
T^RFrms  •  These  are  the  conditions  for  opti- 
mum RF  velocity  selection  in  the  Bennett 
spectrometer. 

Ions  which  pass  the  center  grid  at  other 
than  an  RF  phase  angle  of  T  radians  gain 
less  than  the  maximum  energy  or  even  lose 
energy  to  the  field  according  to  the  value  of 
— cos0. 

Integration  of  Equation  (2)  with  respect 
to  0  shows  that  for  a  uniform  flow  of  ions  to 
a  stage  the  total  energy  given  to  all  ions 
during  an  RF  cycle  is  zero.  This  fact  rules 
out  detection  of  the  selected  ion  by  observ- 
ing the  average  energy  given  to  the  ions  by 
the  RF  source. 

Mass  of  the  Selected  Ion 

The  mass  of  the  ion  receiving  niAYTmirm 
incremental  energy  is  obtained  by  eliminat- 
ing v  between  the  energy  equation  eVA  — 
J*£  Mnw*  and  the  optimum  transit  angle 
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M  is  the  atomic  mass  number  of  the  ion, 
TWO  the  absolute  mass  of  the  hydrogen  atom, 
VA  the  total  potential  in  volts  through  which 
the  ion  has  fallen  upon  entering  the  ana- 
lyzer. The  quantity  0.266/s^f  is  the  spec- 
trometer proportionality  constant  in  AMU/ 
volt.  Of  the  three  independent  variables, 
s,  /,  and  V  in  Equation  (5),  only  /  and  V 
are  readily  varied  to  cover  a  given  mass 
range.  For  a  given  percentage  change  a  fre- 
quency sweep  covers  a  larger  mass  range  in 
the  inverse  square  relationship  than  does  a 
change  in  VA  which  produces  a  linear  mass 
relationship.  However,  since  the  energy  gain 
is  a  function  of  the  RF  voltage,  the  variable 
frequency  sweep,  unless  amplitude  stablized, 
is  seldom  used.  Sweeping  VA  linearly  has  the 
advantage  of  a  linear  mass  scale  which  can 
be  generated  by  electronic  or  electromechan- 
ical means  independent  of  the  RF  source. 

Retarding  Potential 

In  the  previous  sections  equations  for  the 
incremental  energy  added  to  an  ion  as  it 
passes  through  an  RF  analyzer  stage  and 
the  mass  of  the  ion  receiving  maximum 
energy  were  obtained.  Thus  as  the  ions  exit 
from  the  analyzer  they  have  VA  +  V(a) 
volts  of  kinetic  energy.  VA  volts  of  the 
energy  are  lost  as  the  ion  decelerates  in 
traversing  the  distance  between  grid  3  and 
the  ground  plane  between  grids  3  and  4. 
Of  the  remaining  V(a)  volts,  it  is  the  func- 
tion of  the  positive  retarding  potential  VR 
applied  to  grid  4,  Figure  1,  to  reject  all  ions 
except  those  which  have  gained  more  than 
VR  volts  of  energy.  For  example,  if  VR  is 
97.5%  of  the  maximum  gained,  as  repre- 
sented by  the  horizontal  plane  in  Figure  2, 
only  ions  whose  transit  angjes  axe  between 
2.0  and  2.7  radians  can  pass  through  the 
retarding  grid.  In  terms  of  mass  number 
this  corresponds  to  ions  of  27  and  15  AMU 
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when  the  resonant  ion  is  20  AMU.  The 
accepted  ions  since  they  have  not  lost  all 
of  their  kinetic  energy  are  intercepted  by 
the  ion  current  collector.  This  ion  current 
signal  produces  the  lines  of  the  mass  spec- 
trum. 

For  stability  purposes  the  potential  VR  is 
derived  from  the  FRF  source.  Hence,  in- 
cremental changes  in  7**  will  change  V&  a 
proportional  amount  and  the  VR/VK*  ratio 
will  remain  constant,  the  condition  for 
stability. 

Multicharged  Ions 

Analysis  of  multicharged  ions,  170,  by  RF 
velocity  selection  is  identical  to  that  of  the 
singly  charged  ion  except  that  the  apparent 
mass  of  the  ion  is  M/rj.  The  fact  that  the 
energy  gained  by  multicharged  ions  is  77 
times  greater  than  that  of  a  singly  charged 
ion  has  been  suggested  as  a  means  of  sep- 
arating ions  of  multiplicity  i?,  the  assump- 
tion being  that  since  the  energy  gain  is  17 
times  greater  the  multicharged  ion  can 
readily  pass  through  the  retarding  potential 
field  set  to  T^cma*)  for  singly  charged  ions. 
The  assumption  is  incorrect.  The  retarding 
potential  VR  exerts  a  force  i)VR  on  all  ions. 
Thus  an  ion  of  charge  17  which  gains  17  times 
the  energy  is  retarded  by  a  force  ijVR  times 
as  large  as  that  of  a  singly  charged  ion  and 
hence  cannot  be  distinguished  on  the  basis 
of  charge. 

Multistage  Spectrometers 

As  mentioned  previously,  the  mass  resolu- 
tion of  a  single  stage  is  insufficient  for  most 
spectrometer  applications.  However,  mass 
resolution  can  be  increased  by  increasing  the 
number  of  times  energy  is  imparted  to  the 
ion.  This  is  done  in  multistage  spectrom- 
eters which  consist  of  two  or  more  RF  ana- 
lyzer stages  separated  by  equipotential 
drift  spaces.  In  order  to  impart  the  maximum 
energy  to  an  ion  in  each  stage  the  center  to 
center  grid  spacings  are  made  equal  to  the 
distance  the  selected  ion  travels  in  an  in- 


tegral number  of  RF  cycles.  Judicious  selec- 
tion of  the  number  of  cycles  between  stages 
and  the  order  in  which  they  occur,  for  three 
or  more  stages,  will  optimize  both  mass 
resolution  and  available  retarding  potential 
range  without  the  introduction  of  spurious 
peaks  in  the  spectra. 

Multistage  spectrometers  are  identified  by 
the  number  of  stages  and  the  number  and 
order  of  RF  cycles  between  successive  stages, 
for  example  3-stage  7-5  cycle  or  4-stage 
13-11-7  cycle.  Figures  3  and  4  show  pic- 
torially  and  schematically  a  3-stage  7-5 
cycle  spectrometer,  without  an  ion  source, 
with  appropriate  electronics  in  block  form 
for  positive  ion  analysis. 

Multistage  Energy  Gain 

A  simplified  equation  for  a  multistage 
spectrometer  can  be  obtained  by  integrating 
the  energy  gain  equation  for  each  stage  with 
appropriate  limits  of  integration.  As  with 
the  single  stage  it  is  assumed  that  the  ion 
velocity  is  constant  in  the  analyzer  section. 
For  a  3-stage  spectrometer  the  energy  gain 
equation  is 


»  vEe  (  I        si 


sin  («*  +  0)  dt 


f. 

/ 

Jo 


-  sin  («*  +  0)  dt 


cr*' 


-  sin  («f  +  0}  dt 


(6) 


—  sin  (tat  +  0)  dt  J  ergs 

where  the  drift  time  between  center  grids  in 
terms  of  n,  the  number  of  resonant  RF 
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FIG.  3.  Three-stage  7-5  cycle  Bennett  RF  mass 
spectrometer  without  ion  source  designed  for  use 
within  a  metal  envelope.  The  grid  arrangement  is 
identical  to  that  given  in  Fig.  4.  Grids  are  mounted 
on  four  ceramic  coated  tungsten  rods  of  which  two 
are  clearly  visible.  Distance  between  grids  is  fixed 
by  glass  spacers  which  fit  over  the  rods.  Spacers 
are  matched  so  that  all  grids  are  parallel.  The 
metal  cylinders  which  form  the  7  and  5  cycle  equi- 
potential  drift  spaces  do  not  act  as  spacers.  The 
white  units  at  the  front  and  four  inch  positions 
are  "Teflon"  plastic  spacers  to  position  the  spec- 
trometer within  its  envelope. 


cycles  between  stages,  is 


, 
nt  =  n[  — -  I  — 


2.695ns 


(7) 


V  V 

ft  -  2.695ni,    &  -  2.695n$,  etc. 
Integrating  and  simplifying  Equation  (6) 
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gives  the  following  expression  for  a  3-stage 
analyzer. 


'rmi  (  ~ 


—  COS  Ot\ 


—  -  -2V27RP, 

6 


•(cos  e  +  cos  (cfii  +  8)  +  cos  («(0i  +  182) 
+  0})  volts 


(8) 


With  respect  to  variations  in  0  the  energy 
gain  in  Equation  (8)  is  identical  to  that  of 
a  single  stage  and  consequently  has  its  first 
and  principal  maximum  at  T  radians.  With 
respect  to  variations  in  a  Equation  (8)  has 
a  series  of  maxima  due  to  the  multistage 
function 

[1  +  cos  oft  +  cos  «(j8i  +  £2)]*.,       (8a) 

which  rapidly  modulates  the  single-stage 
energy  function, 


(8b) 


Equation  (8)  has  its  principal  maximum  at 
oiQ  •*  2.3311,  regardless  of  the  integer  values 
of  rai  and  na  associated  with  ft  and  ft .  Ions 
satisfying  this  condition  produce  the  funda- 
mental peaks  of  the  mass  spectra.  Equation 
(5)  gives  the  mass  of  these  fundamental 
peaks.  Secondary  TYUMnnnfl.  occur  at  values 
dependent  on  the  values  of  ft  and  ft  •  The 
solid  curve  of  Figure  5  shows  these  peaks, 
for  6  =  T,  in  the  neighborhood  of  oo  for 
a  7-5  cycle  analyzer;  (ft  =  2.695  X  7,  ft  + 
ft  =  2.695  (7  +  5));  their  amplitudes  are 
always  less  than  the  principal  or  fundamental 
peak  amplitude.  These  secondary  peaks  are 
called  harmonics  and  are  readily  distin- 
guished from  the  fundamental  on  the  basis 
of  maximum  energy  gained.  Frequently  the 
introduction  of  harmonic  peaks  into  the 
mass  spectra  is  thought  to  be  undesirable. 
Consequently  they  are  avoided  by  adjusting 
VR  above  the  hannonic  level.  An  important 
point  to  note  about  multistage  tubes  is  that 
an  ion  of  mass  M  gains  energy  at  discrete 
but  related  values  of  a  as  opposed  to  the 
broad  distribution  of  a  single  stage. 
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FIG.  4.  Block  diagram  of  three-stage  7-5  cycle  spectrometer  and  electronics  for  analysis  of  positive 
ions.  For  negative  ion  analysis,  the  potential  on  each  grid  is  reversed.  The  DC  bias  potential  Vb ,  not 
discussed  in  the  text,  is  required  when  the  energy  gain  per  stage  is  appreciable  compared  to  the  energy 
acquired  by  the  ion  from  VA  -  The  bias,  Vi, ,  is  adjusted  to  a  value  of  (2.05)  (VRf)  volts  per  stage  across 
which  it  appears.  In  a  three-stage  tube  the  bias  is  applied  across  the  middle  stage  with  a  polarity  that 
retards  the  resonant  ion  by  an  amount  equal  to  that  which  it  gains  from  VRP  in  that  stage.  Hence  the 
bias  potential  assures  that  the  resonant  ion  has  the  same  velocity  in  the  second  drift  space  as  in  the 
first.  Dotted  lines  between  VBp  ,  VR  and  7&  indicate  that  they  are  derived  from  the  same  source,  gen- 
erally VRP  ,  to  insure  stable  operation  independent  of  power  supply  variations. 


|J      14       1.9     2.0     2.1       2.2     2J     2.4     2.5      2.6     2.7     2.8      2.9 
TRANSIT  ANGLE  8 


FIG.  5.  Energy  gain  for  three-stage  7-5  cycle  spectrometer  f or  0  «=  v  radians  in  the  neighborhood  of 
«o  -  2.3311.  Dotted  curve  is  the  energy  gain  of  a  single  stage  times  three. 
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The  reason  for  the  increase  in  mass  resolu- 
tion is  now  apparent  if  one  compares  the 
solid  curve  to  the  dotted  one,  (3X  single 
gain  stage)  and  notes  how  the  energy  gain 
varies  for  small  changes  in  a.  For  example 
consider  the  ion  which  has  a  transit  angle 
of  OQ  db  Aa  and  satisfies  the  condition  6  =  IT. 
Then  in  the  first  stage  it  will  gain  for  all 
practical  purposes  maximum  energy.  But  in 
traversing  the  drift  space  between  stages 
the  factor,  Aa,  is  multiplied  by  the  number 
of  cycles  n\  and  n\  +  n* ,  causing  the  ion 
to  fall  out  of  resonance  with  the  RF  and 
cross  the  center  grid  of  successive  stages  at 
other  than  the  optimum  phase  angle  with  a 
corresponding  decrease  in  energy  gain.  It  is 
this  multiplication  of  the  transit  angle  in- 
crement Aa  as  the  ion  traverses  the  drift 
spaces  that  is  responsible  for  improved  mass 
resolution. 

Resolving  Power  and  Current  Efficiency 

Resolving  power  is  defined  as  M0/Am, 
where  M o  is  the  mass  of  the  resonant  ion 
and  Am  is  the  mass  difference  between  the 
resonant  ion  and  the  ions  which  are  just  re- 
jected by  VR  .  Theoretical  current  efficiency 
for  the  resonant  ion  is  defined  as  the  ratio 


current  collected/current  entering  the  spec- 
trometer 


J.//0  =  2(0  - 

where  2(6  -  00)  is  the  RF  phase  angle  during 
which  ions  receive  sufficient  energy  in  the 
analyzer  to  pass  through  the  retarding  po- 
tential grid.  Expressions  for  both  of  these 
quantities  are  derived  from  a  Taylor  series 
expansion  of  the  energy  gain  equation,  see 
appendix,  and  give  for  a  spectrometer  of  N 


Am 


and 


Tii*  + 


•  *jy-i)a 


(9) 


(10) 


Thus  the  resolving  power  is  dependent  on 
four  factors:  (1)  the  total  number  of  cycles 
in  the  spectrometer,  (2)  the  order  in  which 
the  cycles  are  arranged,  (3)  the  number  of 
stages,  and  (4)  the  fractional  level  at  which 
the  retarding  potential  is  set.  Theoretical 
current  efficiency  (Figure  6),  on  the  other 
hand,  is  dependent  only  on  the  fractional 


16 


12 


Theoretical  Current  Efficiency 
l-Vr/Vrmo, 


.90  .95  1.0 

FIG.  6.  Theoretical  current  efficiency  for  a  Bennett  radio  frequency  mass  spectrometer.  VR  is  the 

Aw 
retarding  potential  and  VRmMX  «  —  is  the  maximum  energy  gain,  in  volts,  of  the  resonant  ion  as  it 

leaves  the  analyzer* 
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level  of  the  retarding  potential  and  is  the 
same  for  all  spectrometers.  A  more  realistic 
efficiency  value  takes  into  account  the  phys- 
ical transmission  efficiency  of  at  least  the 
grids  in  the  analyzer  section.  If  £  is  the  per 
cent  transparency  of  a  grid  to  ions,  then 
Equation  (10)  becomes 


TABLE  1 


N 


<"> 


Practical  values  of  £  for  a  wire  mesh  grid 
are  about  90-95  %,  based  on  optical  trans- 
parency measurements.  (The  optical  trans- 
mission of  9  grids,  measured  in  the  visible, 
was  59  =  o.5  or  £  -  92.6%.) 

Design  Considerations 

The  product  of  resolving  power  and  cur- 
rent efficiency  provides  a  convenient  per- 
formance index,  P,  for  the  Bennett  RF 
spectrometer 


(12) 


from  which  two  pertinent  facts  can  be  de- 
duced. First,  for  a  given  tube,  P  is  inde- 
pendent of  retarding  potential.  This  permits 
mass  resolution  and  current  efficiency  to  be 
interchanged,  one  at  the  expense  of  the 
other.  Second,  since  N  appears  in  Equation 
(12)  in  both  the  exponent  of  £  and  in  the 
denominator,  increasing  the  number  of 
stages  of  a  wire  grid  spectrometer  while 
keeping  the  same  number  of  cycles  in  the 
tube  does  not  increase  P.  Table  1  lists  the 
values  of 


for  £  =  92.6  %,  showing  that  the  two  stage 
spectrometer  has  the  largest  P  value  for  a 
given  number  of  cycles.  One  should  be  cau- 
tious about  using  a  two-stage  tube  without 
considering  the  position  and  level  of  the 
harmonic  peaks.  For  example,  a  two-stage, 


0.221 
0.143 
0.098 
0.069 


12-cycle  spectrometer  has  a  P  value  of  2.63, 
with  harmonic  peaks  99.2%  of  the  funda- 
mental at  a  =  2.524  and  2.14.  If  the  tube 
is  converted  to  a  three-stage  7-5  cycle  unit 
(12  total)  the  P  value  is  1.98,  with  the 
largest  harmonic  peaks  85%  of  the  funda- 
mental at  a  —  2.715  and  1.952.  The  reason 
for  introducing  additional  stages  is  evident; 
they  reduce  the  amplitude  of  harmonic 
peaks  but  at  the  expense  of  P.  The  optimum 
position  of  the  middle  stage  or  stages  to  re- 
duce harmonics  depends  on  the  total  num- 
ber of  cycles  in  the  tube  and  may  be  ob- 
tained by  graphically  solving  the  energy 
equation  of  the  tube,  or  in  simpler  form  its 
modulation  function;  i.e.,  Equation  (8)  or 
(8a),  respectively,  for  a  three-stage  tube. 
The  solid  curve  of  Figure  (5)  was  con- 
structed using  the  graphical  method.  The 
dotted  curve  is  the  single  stage  energy 
function. 

Energetic  Ions  and  Mass  Identification 
by  Harmonics 

The  mass  of  the  resonant  ion  detected  by 
the  Bennett  spectrometer  is  given  in  terms 
of  the  potential,  in  volts,  through  which  the 
ion  has  fallen  upon  entering  the  analyzer. 
Generally  this  potential  is  entirely  the  ac- 
celerating voltage  applied  between  the  ion 
source  and  the  analyzer.  The  resonant  mass 
is  then  directly  determined  from  Equation 
(5).  In  case  the  entering  ion  has  acquired  an 
initial  but  undetermined  energy  K  (in  volts) 
from  some  source  external  to  the  spectrom- 
eter system  the  total  potential  in  volts, 
V  —  VA  +  K,  contains  the  unknown  quan- 
tity K  resulting  in  an  ambiguous  determina- 
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tion  of  M.  This  problem  can  be  solved  if 
harmonics  are  allowed  to  appear  in  the 
spectra. 

As  was  shown  earlier,  a  harmonic  peak  is 
produced  by  ions  of  mass  M  which  pass 
through  the  analyzer  at  a  value  of  a  other 
than  od  for  the  resonant  ion.  Consequently, 
for  a  voltage  swept  spectrometer,  two  equa- 
tions for  the  mass  M  ion  can  be  written, 


M 


(X266(F,i 


for  the  fundamental  peak,  and 


M 


(13) 


(14) 


for  the  harmonic  peaks.  V*  and  VA*  are  the 
respective  accelerating  potentials  at  which 
the  fundamental  and  harmonic  peaks  occur. 
The  term 


ce 

«& 


(15) 


is  defined  as  the  harmonic  ratio;  a  is  an 
integer  and  the  value  of  ha  depends  on  the 
number  of  cycles  in  the  tube  and  their  ar- 
rangement. Values  for  Equation  (15)  are 
readily  obtained  from  a  plot  of  the  energy 
gain  equation.  Peaks  associated  with  minus 
values  of  /&„  are  called  upper  harmonics, 
those  with  plus  values  are  the  lower  har- 
monics. The  nomenclature  originates  from 
the  position  of  the  harmonics  on  the  mass 
scale  relative  to  the  fundamental  (ha  =  0). 
K  ,  the  unknown  energy,  be- 


tween Equations  (13)  and  (14)  gives  the 
mass  of  the  singly  charged  ion 


M  = 


0.266 


*** 


1  - 


V 


(16) 


as  a  function  of  the  physical  parameters  of 
the  spectrometer  but  independent  of  the 


initial  energy.  The  Bennett  spectrometer  is 
an  absolute  instrument  when  operated  in 
this  manner. 

When  two  fundamental  peaks,  due  to 
energetic  ions,  and  their  respective  harmonic 
peaks  are  present  in  the  same  spectrum  the 
following  relationship  exists  for  the  mass  of 
the  lighter  ion  Mx  in  terms  of  the  mass 
difference  AAf»y  between  M9  and  the  heavier 
mass  My  ,  and  the  apparent  mass  difference 
between  the  fundamentals  and  their  respec- 
tive harmonics  AMX  and  AMV  . 


AAf «  -  AAf . 


(17) 


This  method  of  mass  identification  is  appeal- 
ing since  it  depends  on  mass  differences 
which  are  readily  obtained  from  the  voltages 
of  the  peaks  concerned  and  the  proportion- 
ality constant  of  the  spectrometer. 

Appendix 

Mass  Resolution  and  Current  Effi- 
ciency. Mass  resolution  for  the  Bennett  RF 
mass  spectrometer  is  defined  as 

M q  _       M o 

Am  "  20kf  -  Afo) 


(a) 


where  Mo  is  the  resonant  mass  and  M  is  the 
adjacent  higher  mass  which  is  just  rejected 
by  the  retarding  potential  when  the  spec- 
trometer is  adjusted  to  Af0.  Physically  this 
is  interpreted  to  mean  that  the  skirt  of  the 
M  mass  peak  contributes  nothing  to  the 
center  of  the  Mo  peak.  Rewriting  (a)  in 
terms  of  the  transit  angle 


one  has 




Am  ~  2(o*  -  of) ' 


Cb) 


By  inspection  of  Figure  (2)  one  notes  that 
for  a  spectrometer  adjusted  to  the  resonant 
mass,  OQ  =  2.3311,  ions  gain  sufficient  energy 
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to  pass  through  the  retarding  grid  and  reach 
the  collector  only  during  a  small  portion  of 
an  RF  cycle  A0.  Theoretical  current  effi- 
ciency /c/Jotheo  is  the  ratio  of  the  resonant 
ion  current  Ie  reaching  the  collector  during 
A0  to  the  total  resonant  ion  current  entering 
the  spectrometer,  or  expressed  in  terms  of 


-ft 


(c) 


where  0  is  the  phase  angle  at  which  current 
ceases  to  flow  and  0o  is  the  phase  angle  at 
which  maximum  current  flows  (60  =  IT). 

Before  deriving  the  equations  for  mass 
resolution  and  current  efficiency  one  should 
recognize  that  they  are  independent  of  each 
other  since  they  are  functions  of  the  orthog- 
onal parameters  a  and  8  but  that  both  are 
dependent  on  the  retarding  potential  level 

V*. 

Equations  for  mass  resolution  and  current 
efficiency  are  derived  from  the  following 
three  term  Taylor  series  expansion  about 
«o  =  2.3311  and  00  =  v: 


F(«0)  -  7(«00o) 


(d) 


of  the  multistage  energy  gain  equation 
F(«0)  -  —  -  -s 


•  [cos  0+  008(00!  +  0) 
+  cos  («(/3i  +  ft)  +  (?) 


cos 


Only  three  terms  are  used  in  equation  (d) 
as  it  is  assumed  that  contributions  from 
higher  order  terms  are  negligible  for  small 
values  of  h  and  k.  In  order  that  quantities 
in  equation  (d)  will  be  compatible  with  the 
form  required  by  equations  (b)  and  (c)  let 


*  -  *  - 


and 


(h 


By  definition  both  first  derivatives,  F«(oo,0o) 
and  7*(ao,0o)  =  0;  hence,  the  Taylor 
expansion  simplifies  to 


P«*(«oftd 


(f) 


+  (0  -  0o)27M(«o0o)     . 

Differentiating  and  evaluating  equation  (e), 
the  simplifying  assumption  that 


•[4=-]- 


is  constant  over  the  interval  h,  one  has 


PWo)  -  YN 
7««(«o*o)  -  - 


+  (Pi  +  fr)8  + 


Substituting  these  values  in  equation   (f) 
and  simplifying  gives 


(e)      2tf    i  - 


/«*  -  ooA  , 
!  (      .  I  0i 

\    2oo     / 


+  0i 


from 
ciency 


.  -  +  /s*-i)(0  -  0b)  +  N(e  -  00)'). 
one  can  solve  for  current  effi- 


0-0o  ssV$l_    V* 
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and  mass  resolution 

Jfo  <*>* 

Am 
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COMPLEX    MIXTURES    OF    ALCOHOLS    AND 
WATER:  THE  FISCHER-TROPSCH  PRODUCT* 

Direct  mass  spectrometric  determination 
of  alcohols  above  C8  in  the  presence  of  hy- 
drocarbons is  not  possible  because  of  a  simi- 
larity in  fragmentation  patterns.5  Analysis  of 
mixtures  of  alcohols  and  hydrocarbons  is  of 
special  interest,  because  they  are  the  chief 
product  of  the  Fischer-Tropsch  synthesis.1-4' 
9, 11,  w  ^fth  nitrided  iron  catalysts,  primary 
straight-chain  alcohols  may  constitute  the 
major  portion  of  the  product,2*  u 

Work  on  the  Fischer-Tropsch  and  similar 
processes  has  been  hampered  by  the  lack  of 
suitable  procedures  for  determining  alcohols. 
Herein  is  described  a  new  approach  for  the 
rapid  and  accurate  determination  of  alcohols 

*  Based  on  paper  in  Analytical  Chemistry,  30, 
1353  (1958),  by  permission. 
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in  the  presence  of  paraffins,  olefins,  and  other 
hydrocarbons  without  the  lengthy  and  rela- 
tively complex  distillations  previously  ap- 
plied to  Fischer-Tropsch  products.2-  4»  9~14 

This  method  is  based  on  the  quantitative 
conversion  of  alcohols  to  their  trimethylsilyl 
derivatives,  trimethylsilyl  ethers  (I).7'10'18 
The  major  mass  spectral  peaks  suitable  for 
analysis  no  longer  correspond  to  those  ob- 
tained from  hydrocarbons.  Carbon-silicon 
bonds  in  trimethylsilyl  ethers  are  split  in  the 
mass  spectrometer  to  give  intense  parent 
(molecule  ion)  minus  15  peaks,  which  result 
from  the  loss  of  a  methyl  group.12 

CH8 
X 
ROSi— CH, 

CH, 

I 

Hexamethyldisilazane  (II)  is  used  as  a 
converting  reagent  and  reacts  with  alcohols 
and  water  to  give  trimethylsilyl  ethers  and 
hexamethyldisiloxane  (III),  respectively,  as 
shown  in  Equation  I.7  Both  reactions  evolve 
ammonia.  The  mixture  treated  with  hexa- 
methyldisilazane is  analyzed  directly  in  the 
mass  spectrometer. 

HsO 


II 


(CH,),SiOSi(CH8),  +  NH, 

HI  CD 

2  ROSi(CH,),  +  NH, 


Discussion 


Mass  Spectra.  Data  for  a  large  number 
of  trimethylsilyl  derivatives  have  been  pre- 
sented in  detail  and  discussed.12  Analysis  of 
alcohols  as  trimethylsilyl  ethers  extends  the 
usable  range  of  the  conventional,  room  tem- 
perature mass  spectrometer.  Ordinarily,  us- 
able mass  spectra  for  Cio  and  Cu  alcohols 
cannot  be  obtained  in  the  room  temperature 
instrument  because  of  limited  volatility  and/ 
or  sorption  in  the  system. 

The  substitution  of  the  trimethylsiloxy 


group  for  the  alcoholic  hydroxyl  group  causes 
a  shift  of  important  mass  spectral  peaks  into 
higher  mass  ranges  where  interferences  are 
less  likely  to  occur.  It  is  the  inclusion  of  both 
oxygen  and  silicon  in  the  ion  fragments  which 
leads  to  the  distinctive  mass  spectral  peaks 
4  mass  units  above  the  principal  ones  ob- 
tained from  alkanes.  Oxygen,  mass  16,  is 
equivalent  to  a  methylene  group  plus  2  mass 
units.  Silicon,  mass  28,  is  equivalent  to  two 
methylene  groups ;  its  valence  of  4  means  that 
two  additional  alkyl  groups  can  be  held  when 
it  is  included  in  a  hydrocarbon  chain.  This 
results  in  an  additional  shift  of  2  mass  units. 

Synthetic  Alcohol  Mixtures.  To  utilize 
trimethylsilyl  ethers  to  determine  alcohols,  it 
is  necessary  to  use  a  reagent  that  quantita- 
tively converts  the  alcohols  to  their  tri- 
methylsilyl derivatives.  The  choice  of  hexa- 
methyldisilazane  as  a  converting  reagent  was 
based  on  experience  with  this  reagent  in  pre- 
paring trimethylsilyl  ether  standards7;  the 
losses  were  from  routine  handling  and  slight 
hydrolysis  of  the  trimethylsilyl  ethers,  when 
they  were  not  carefully  protected  from  at- 
mospheric moisture.  The  strong  146  mass 
spectral  peak  for  hexamethyldisilazane  al- 
lows determination  of  excess  reagent  and 
thereby  a  correction  for  contributions  of  the 
reagent  to  lower  mass  peaks. 

A  number  of  hydrocarbon-alcohol  mix- 
tures were  prepared  and  analyzed  by  mass 
spectrometry  after  treatment  with  hexa- 
methyldisilazane. Successful  determination 
of  the  hydrocarbons  and  alcohols  as  tri- 
methylsilyl ethers  indicates  quantitative 
conversion  of  the  alcohols  to  trimethylsilyl 
ethers.  Results  obtained  from  the  trimethyl- 
silyl ether  analysis  are  reported  in  terms  of 
the  original  alcohol  composition  by  using 
standard  molecular  conversion  factors, 
known  alcohol  densities,  and  the  trimethyl- 
silyl ether  densities  previously  reported.7 
Blending  of  mixtures  of  trimethylsilyl  ethers 
in  the  mass  spectrometer  system  with  oxy- 
genate-hydrocarbon  mixtures  from  the 
Fischer-Tropsch  process  showed  no  inter- 

599 


MASS  SPECTROMETRY 

f erence  from  hydrocarbon  ion  fragmentation 
peaks;  thus,  trimethylsilyl  ethers  could  be 
determined  in  the  presence  of  these  added 
hydrocarbons  and  oxygenates. 

Water.  As  water  reacts  with  hexamethyl- 
disilazane  to  form  hexamethyldisiloxane 
(Equation  1),  it  does  not  interfere  with  the 
conversion  of  the  alcohols  to  their  trimethyl- 
silyl ethers.  Sufficient  hexamethyldisilazane 
must  be  used  to  react  with  the  water,  which 
has  a  relatively  low  equivalent  weight. 

Because  of  the  distinctive  147  mass  spec- 
tral peak12  hexamethyldisiloxane  can  be  used 
for  determination  of  water. 

The  reaction  between  hexamethyldisila- 
zane and  water  is  more  complicated  than 
indicated  by  Equation  1.  However,  it  can 
be  discussed  in  terms  of  Equations  3  and  4, 
where  trimethylsilanol  (IV)  is  an  inter- 
mediate. 


(CH»)3SiNHSi(CH8)s  +  2H*0  - 


2(CH,),SiOH  - 


2(CH,)jSiOH  +  NH8 


H20 


(2) 


(3) 


The  water  from  Equation  3  can  react  with 
more  hexamethyldisilazane,  so  that  it  is 
eventually  converted  to  hexamethyldisilox- 
ane and  ammonia.  When  water  is  initially 
present  at  concentrations  approaching  25  %, 
a  considerable  amount  of  hexamethyldisilox- 
ane is  formed.  Then,  trimethylsilanol  appears 
moderately  stable,  and  longer  periods  of  re- 


flux are  necessary  for  complete  reaction.  The 
condensation  reaction  is  complex,  but  both 
the  mechanism  and  kinetics  have  been  stud- 
ied under  special  conditions  by  Grubb.6 

Reaction  probably  could  be  speeded  by 
generating  greater  concentrations  of  hydro- 
chloric acid,  using  more  trimethylchloro- 
silane  initially.  However,  the  water  deter- 
mination need  not  be  deferred  until  complete 
condensation  of  trimethylsilanol.  An  alcohol- 
water  mixture  can  be  analyzed  by  taking  into 
account  the  contributions  of  the  trimethyl- 
silyl ethers  and  hexamethyldisiloxane  to  the 
mass  75  peak  and  considering  the  residual 
portion  of  this  peak  to  result  from  trimethyl- 
silanol. 

Fischer-Tropsch  Products.  Three  ap- 
plications of  the  trimethylsilyl  ether  con- 
version technique  are  illustrated  in  Tables 
1  and  2.  The  determination  of  total  alcohols 
and  alcohol  distribution  from  €2  to  C8  in  a 
raw  synthetic  gasoline  fraction  known  to 
contain  predominantly  primary  straight- 
chain  alcohols  is  shown  in  Table  I.  Infrared 
functional  group  analysis  was  in  excellent 
agreement  with  total  alcohol  content  deter- 
mined by  mass  spectrometry. 

Data  on  alcohol  distribution  in  several 
cuts  from  the  distillation  of  a  Fischer- 
Tropsch  product  are  shown  in  Table  I.  Al- 
cohol distribution  is  as  expected  if  the  com- 
plexity of  the  Fischer-Tropsch  product  and 
the  many  possibilities  for  azeotrope  forma- 
tion are  considered.  It  is  difficult  to  decide 


TABLE  1.  MASS  SPECTRAL  DETERMINATION  OF  ALCOHOLS  IN  FISCHER-TROPSCH  PRODUCTS 


Alcohols  as  Trimethylallyl  Ethers,  VoL  % 

Total  Alcohol, 
Vol.  % 

Fraction 

C» 

Cs 

C* 

C, 

Ce 

Cr 

a 

C« 

M.S. 

LR. 

Raw  gasoline,  0-200°  0. 

1.6 

6.4 

3.8 

2.8 

1.0 

0.5 

0.4 

15.4 

14.9* 

0-100°  C.  cut 

Tr. 

2.4 

4.0 

6.4 

6.6* 

100-160°  C.  cut 

2.8 

30.2 

34.2 

11.6 

0.3 

79.1 

70.3* 

160-200°  C.  cut 

0.4 

4.3 

6.0 

2.7 

0.4 

12.8 

15.8* 

'  Approximation  from  functional  group  determination;  based  on  molecular  weight  of  70. 
*  Approximation  from  functional  group  determination;  average  molecular  weight  estimated  from 
mass  spectrometer  data. 
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on  an  average  molecular  weight  for  the  al- 
cohols in  a  cut  without  prior  knowledge  of 
alcohol  distribution.  Without  these  data, 
total  alcohol  by  infrared  analysis  can  only 
be  estimated.  Using  these  data,  the  infrared 
and  mass  spectrometric  determinations  of 
Table  1  are  in  good  agreement  except  for 
the  100°  to  150°  C.  cut. 

Analysis  of  a  product-water  phase  ob- 
tained from  a  Fischer-Tropsch  liquid  prod- 
uct is  shown  in  Table  2.  Methyl,  ethyl,  and 
propyl  alcohol  give  unique  mass  spectral 
peaks,  but  interfering  fragmentation  from 
hydrocarbons  and  oxygenated  compounds 
allows  only  limits  to  be  placed  on  the  con- 
centrations of  higher  alcohols  and  other  oxy- 
genates. Using  the  trimethylsilyl  ethers,  the 
volume  per  cent  unknown  is  reduced  from 
22.2  to  9.3  %.  Ethanol  is  used  as  an  internal 
standard  to  combine  data  on  the  higher  al- 
cohols obtained  from  the  trimethylsilyl  deriv- 
atives with  data  on  other  components  from 
the  direct,  mass  spectrometric  analysis.  Con- 
stancy of  the  ethanol-propanol  ratio  in  the 
two  analyses  is  evidence  for  the  validity  of 
this  procedure.  Determinations  from  tri- 
methylsilyl ether  derivatives  fall  within  the 
limits  set  by  direct  analysis.  Data  from  Ta- 
bles 1  and  2  illustrate  the  detection  of 
alcohol  concentrations  of  less  than  1  %. 

Branching,  When  mixtures  containing 
large  amounts  of  branched  and  secondary 
alcohols  are  to  be  analyzed,  alcohol  deter- 
mination becomes  more  complex.5* 15  It 
would  be  necessary  to  fractionate  the  sam- 
ples into  relatively  narrow  cuts  to  use  the 
trimethylsilyl  ethers  as  a  basis  for  mass  spec- 
trometric analysis.  For  example,  a  Ce  cut 
might  be  distilled  to  contain  only  Cs  and 
C6  or  C6  and  Cy  alcohols.  Branched  compo- 
nents in  a  Fischer-Tropsch  product  could  be 
2-  and  3-methylpentanol. 

Matrices  based  on  the  following  observa- 
tions might  serve  as  a  basis  for  determining 
alcohols  in  the  presence  of  hydrocarbons. 
Parent  minus  15  peaks  for  the  normal  tri- 
methylsilyl ethers  are  145, 159,  and  173.  In- 


TABLB  2.  ANALYSIS  OP  AQUEOUS 
SOLUTION  OP  ALCOHOLS 


Volume  % 

As  alcohol 

As  trimethyl-silyl 
ether 

H20 

24.1 

(24.1)«.* 

Alcohols 

Cx 

4.4 

(4.4) 

C2 

28.8 

28.  8e 

C, 

15.1 

15.7 

C4 

(13.  7  max. 
\  5.4  min. 

9.2 

C8 

8.4  max. 

5.9 

C« 

7.  2  max. 

2.0 

Or 

0.5 

Cs 

0.1 

Acetone 

3.3  max. 

(3.3  max.) 

Methyl  ethyl  ke- 

tone 

1.2  max. 

(1.2  max.) 

Unknown 

22.2* 

4.S-9.3 

a  H20  based  on  (CEUeSisO  is  23.5%. 

6  Parentheses  indicate  data  retained  from  direct 
analysis. 

c  Internal  standard. 

*  Unknown  based  on  minimum  C*  value,  maxi- 
mum value  not  included. 

tensities  for  the  methyl-branched  ethers  are 
lower  than  the  intensities  for  the  normal 
ethers.  Mass  103  for  the  2-methylpentyl  tri- 
methylsilyl ether  is  more  intense  than  for 
other  components  of  the  mixture  under  con- 
sideration. Mass  89  shows  increased  intensity 
for  the  3-methylpentyl  trimethylsilyl  ether. 
Ratio  of  73  to  75  intensity  is  different  for 
normal  and  branched-chain  alcohol  deriva- 
tives.12 Probably,  the  presence  of  secondary 
alcohols  in  narrow  boiling  fractions  can  be 
determined  from  cleavage  at  the  functional 
carbon  atom.12  Also,  identification  of  second- 
ary alcohols  might  be  possible  from  direct, 
mass  spectrometry.6 

Other  Applications 

The  lower  methyl  ketones,  especially 
acetone,  undergo  a  variety  of  acid-  and  base- 
catalyzed  condensation  and  addition  reac- 
tions under  the  conditions  of  conversion  of 
alcohols  to  trimethylsilyl  ethers.  Caution 
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must  be  exercised  in  applying  the  technique 
described  to  solutions  containing  large  con- 
centrations of  these  ketones.  Because  tri- 
methylsilyl  derivatives  give  characteristic 
peaks  in  the  mass  spectrometer,  a  number  of 
other  applications  are  suggested. 

The  mass  spectra  of  the  trimethylsilyl 
derivatives  of  phenol  and  resorcinol  have 
been  obtained.12  An  analytical  mass  spectral 
procedure  utilizing  the  trimethylsilyl  deriva- 
tives of  the  phenols  may  be  practical.  Glycol 
mixtures  may  also  be  amenable  to  analysis  as 
trimethylsilyl  derivatives.12 

As  primary  amines  react  with  hexamethyl- 
disilazane  to  give  trimethylsilyl  derivatives7 
with  intense  parent  minus  15  peaks,8  these 
derivatives  could  be  a  basis  for  the  deter- 
mination of  primary  amines.  The  trimethyl- 
silyl derivatives  of  mercaptans  also  give  in- 
tense parent  minus  15  peaks.12  The  problem 
is  conversion,  because  hexamethyldisilazane 
does  not  react  readily  with  mercaptans.7 

Hexamethyldisilazane  is  an  interesting 
possibility  as  a  reagent  for  the  analysis  of 
heavy  water  for  deuterium  and  oxygen-18. 
Ammonia  formed  in  the  course  of  reaction 
between  the  hexamethyldisilazane  and  water 
could  be  analyzed  by  mass  spectrometry  to 
determine  deuterium.  The  hexamethyldi- 
siloxane  formed  could  be  used  for  the  oxy- 
gen-18 determination. 
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DIFFUSION  COEFFICIENTS, 
MEASUREMENT  OF 

In  the  normal  operation  of  the  mass  spec- 
trometer, the  instrument  is  used  to  measure 
the  amount  of  a  particular  gas  in  a  fixed  gas 
sample.  There  are  many  experiments  how- 
ever, in  which  it  is  desirable  to  measure  the 
amount  of  a  particular  gas  in  a  sample  that  is 
changing  with  time.  Among  these  experi- 
ments are  those  which  are  concerned  with  the 
measurement  of  gas  that  is  diffusing  out  of  a 
solid.  In  many  cases  if  the  time  rate  of  evolu- 
tion of  gas  from  the  solid  can  be  measured, 
the  diffusion  coefficient  can  be  calculated. 
The  mass  spectrometer  is  particularly  well 
suited  for  making  this  type  of  measurement 
for  three  reasons.  (1)  It  is  selective  and  there- 
fore can  be  used  to  measure  only  the  gas 
with  which  the  experiment  is  concerned.  (2) 
It  has  a  high  sensitivity  and  therefore  can 
measure  very  small  diffusion  rates.  (3)  Un- 
der the  conditions  of  this  type  of  experiment 
it  is  stable;  i.e.,  the  sensitivity  will  remain 
constant  for  long  periods  of  time. 

Gentner  and  Trendelenberg1  were  perhaps 
the  first  to  show  that  one  could  measure  dif- 
fusion coefficients  with  the  mass  spectrome- 
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ter  but  the  mathematical  treatment  of  the 
process  was  expanded  and  the  methods  im- 
proved by  Van  Wieringen  and  Warmoltz,2 
and  also  by  Frank,  Swets,  and  Fry.8  In  any 
experiment  in  which  the  mass  spectrometer 
is  used  to  measure  a  gas  pressure  that  is 
changing  with  time  it  takes  a  finite  length 
of  time  for  the  gas  to  leave  the  area  from 
which  it  is  evolving  or  being  generated  and 
to  pass  down  into  the  mass  spectrometer  ion 
source.  Therefore  it  is  essential  that  the 
rate  at  which  the  pressure  is  changing  with 
time  be  slow  compared  to  the  rate  at  which 
the  gas  is  pumped  out  of  this  inlet  system 
through  the  ion  source.  This  means  that  the 
container  in  which  the  diffusion  specimen  is 
mounted  must  be  small  and  mounted  as 
close  to  the  ion  source  as  possible.  All  con- 
necting tubing  must  be  large  and  have  a 
high  conductance,  which  also  means  that  no 
controlled  leak  should  be  used. 

In  the  case  where  the  sample  to  be  meas- 
ured consists  of  gas  which  has  diffused  out  of 
a  solid  it  is  necessary  to  solve  the  diffusion 
equations  with  the  appropriate  boundary 
conditions  and  from  the  solution  find  an 
expression  for  the  rate  at  which  gas  is  diffus- 
ing out  of  the  solid.  The  diffusion  coefficients 
are  determined  by  comparing  the  curves  ob- 
tained experimentally  using  the  mass  spec- 
trometer with  those  obtained  from  the 
mathematical  expressions.  One  of  the  most 
common  ways  to  study  the  diffusion  of  gases 
in  solids  is  to  use  a  thin  flat  plate  of  the  solid 
as  a  boundary  between  the  gas  to  be  studied 
and  the  vacuum  system  of  the  detecting  de- 
vice. In  this  kind  of  experiment  a  small 
vacuum  tight  chamber  is  attached  to  the 
mass  spectrometer  with  a  tube  connecting 
the  inside  of  this  chamber  directly  to  the 
ion  source.  One  wall  of  this  chamber  is  made 
up  of  a  thin  flat  plate  of  the  solid  to  be  stud- 
ied. On  the  outside  of  this  flat  plate  there  is 
usually  another  chamber  which  contains  the 
gas  to  be  studied.  When  the  gas  is  introduced 
into  this  outside  chamber  it  diffuses  through 
the  solid  into  the  mass  spectrometer. 


The  technique  for  measuring  the  diffusion 
coefficients  is  the  following:  The  chamber 
outside  of  the  specimen  is  evacuated.  Then 
the  gas  is  suddenly  introduced  and  the  pres- 
sure held  constant  until  steady  state  diffu- 
sion through  the  plate  is  achieved.  The  rate 
of  diffusion  into  the  mass  spectrometer  ap- 
pears to  be  delayed  for  a  short  period  of  time, 
then  rises  slowly,  and  eventually  levels  off  at 
steady  state.  If  the  time  constant  for  the  rate 
at  which  gas  is  pumped  out  of  the  chamber 
through  the  ion  source  is  very  small  com- 
pared to  the  time  required  for  steady  state 
diffusion  to  be  reached  then  the  variation  of 
the  ion  current  with  time  is  given  by 


h  - 


where 


1,2,3,- 


n—  1 


CJ>8A 


and 


(1) 


(2) 


Ci  is  the  concentration  of  gas  atoms  just  in- 
side of  the  solid  on  the  outside  surface,  D  is 
the  diffusion  coefficient  and  is  assumed  to  be 
constant,  A  is  the  area  of  the  plate,  I  is  the 
thickness,  FI  is  the  conductance  of  the  leak 
which  is  used  for  calibrating  the  instrument, 
and  S  is  the  sensitivity  for  the  particular  gas 
being  studied.  It  is  easily  seen  that  when  the 
time  t  is  very  large,  the  exponential  series 
reduces  to  zero  and  the  steady  state  value  is 
just  Ao  -  This  is  the  maximum  rate  of  diffu- 
sion. If  /&o  is  multiplied  by  the  experimentally 
determined  values  of  FI  and  I  and  divided  by 
S  and  A,  the  steady  state  diffusion  rate  is 
normalized  to  standard  conditions.  This  is 
the  permeation  rate  (P)  often  quoted  in  the 
literature  and  is  given  by 

P  =  CiD  (3) 


Ci  is  sometimes  called  the  solubility  when  the 
gas  pressure  outside  of  the  solid  is  one  at- 
mosphere. If  the  units  of  FI  and  S  are  prop- 
erly chosen,  Ci  is  an  expression  of  the  number 
of  atoms  dissolved  per  cubic  centimeter  in 
the  solid  lattice  under  the  specified  tempera- 
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ture  and  pressure  conditions.  Both  C\  and 
D  are  temperature-dependent. 

When  gas  is  suddenly  removed  from  the 
outer  chamber  the  gas  in  the  solid  diffuses 
both  ways  and  the  ion  current  decreases. 
The  variation  with  time  becomes 


(-!)«*•*-»**          n  -  1,  2,  3,  • 


(4) 


n-l 


The  exponential  series  converges  very 
rapidly  so  that  after  a  short  time  only  the 
first  term  is  important.  Thus  the  decay  be- 
comes a  simple  exponential  decay.  The  time 
constant  for  the  decay  is  l/p  =  P/irlD  and 
is  measured  directly  from  the  recorder  trace. 
The  thickness  (Z)  is  measured  separately  so 
the  diffusion  coefficient  is  easily  calculated. 

The  diffusion  coefficient  can  also  be  deter- 
mined from  the  curve  obtained  when  gas  is 
being  introduced  into  the  solid.  The  method 
used  earlier  by  Van  Wieringen  and  War- 
moltz2  and  also  by  Frank,  Swets,  and  Fry8 
was  that  of  comparing  the  experimental 
curve  with  a  series  of  theoretical  curves  ob- 
tained from  Equation  (1).  The  theoretical 
curves  all  have  the  same  Ao  value  but  differ- 
ent p  values.  When  a  good  fit  is  obtained 
between  the  experimental  curve  and  a  the- 
oretical curve  the  p  value  of  the  theoretical 
curve  is  used  to  find  the  diffusion  coefficient. 
This  method  involves  the  experimenter's 
judgment  to  some  extent.  For  this  reason 
the  following  modification  of  a  method  used 
by  Barrer4  maybe  more  satisfactory.  If  Equa- 
tion (1)  is  integrated  the  result  is 


(5) 


A  plot  of  the  integral,  Q,  against  time  starts 
out  at  zero  with  a  small  slope  which  increases 
slowly  with  time.  The  curve  approaches  a 
straight  line  with  constant  slope  as  the  ex- 
ponential terms  in  (5)  become  negligible. 
Therefore  when  t  is  large  the  exponential 
terms  drop  out  and  (5)  becomes 


(6) 


which  is  the  equation  for  the  straight  line 
portion  of  the  curve.  The  series 


has  the  sum  —  nV12.  Extrapolating  the 
straight  portion  of  the  curve  to  the  Q  =  0 
axis  the  intercept  is  obtained  from 


0-  Wb- 


12p 


and 


(7) 


(8) 


Therefore  the  experimentally  obtained 
mass  spectrometer  curve  can  be  integrated 
with  a  planimeter  and  the  integral  plotted 
against  the  time  t.  Then  extrapolating  the 
straight  portion  of  the  curve  to  the  Q  =  0 
axis  the  value  of  t  is  just  U  and  the  diffusion 
coefficient  can  be  obtained  from  (8).  This 
method  is  actually  shorter  than  the  curve 
matching  method  and  requires  less  judg- 
ment on  the  part  of  the  experimenter.  If  the 
diffusion  coefficients  are  calculated  from  the 
two  curves  obtained  when  gas  is  introduced 
into  the  solid  and  when  it  is  simply  evolving 
from  the  solid  it  is  possible  to  check  to  see 
if  the  diffusion  coefficients  are  varying  with 
time. 

McAfee5  has  developed  another  method 
for  calculating  the  diffusion  coefficients  from 
the  curve  described  by  Equation  (1).  He 
found  that  a  straight  line  drawn  parallel  to 
the  curve  through  the  inflection  point  inter- 
cepts the  time  axis  at 


-2 


(9) 


where  e  is  again  the  natural  logarithm  base. 
The  ti  is  measured  on  the  experimental  curve 
obtained  with  the  mass  spectrometer  and  the 
diffusion  coefficient  easily  calculated  from 
Equation  (9).  This  method  is  shorter  than 
that  described  above  but  requires  a  little 
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more  judgment  on  the  part  of  the  experi- 
menter. 

Another  important  advantage  of  using  the 
mass  spectrometer  to  measure  the  diffusion 
coefficients  of  gases  in  solids  is  that  it  can 
be  used  to  study  the  isotope  effect.  Frank, 
Lee,  and  Williams6  showed  that  it  was  possi- 
ble to  measure  simultaneously  the  diffusion 
coefficients  for  both  hydrogen  and  deuterium 
diffusing  in  steel  by  using  the  mass  spec- 
trometer as  a  detecting  device. 
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GAS    CHROMATOGRAPHY    IDENTIFICATIONS 

Although  still  relatively  young,  gas  chro- 
matography  has  already  developed  into  oneof 
the  most  powerful  adjuncts  of  spectroscopy. 
By  itself  the  technique  is  capable  of  sepa- 
rating individual  components  from  highly 
complex  mixtures  and  providing  precise 
quantitative  estimates  of  their  concentra- 
tions. When  spectroscopic  techniques  are 
utilized  for  identifying  the  isolated  compo- 
nents, an  analytical  system  of  remarkable 
abilities  is  provided. 

While  the  method  was  applied  in  principle 
for  many  years,  it  displayed  rapid  growth 
only  after  James  and  Martin1  published 
their  work  on  gas-liquid  partition  chromatog- 
raphy  in  1952.  As  with  other  chromato- 
graphic  methods,  a  two-phase  system  is  in- 
volved. The  stationary  phase  in  this  case  is 


contained  within  the  column  either  as  a 
solid  (adsorption  chromatography)  or  as  a 
liquid  held  by  a  solid  support  or  on  the 
column  wall  (partition  chromatography). 
The  mobile  phase  is  a  gas  which  carries  the 
sample  through  the  column.  Phase  equilibria 
occur  between  the  sample  components  and 
the  mobile-stationary  phases.  Individual 
components  are  distributed,  or  partitioned, 
between  the  two  phases  to  differing  degrees 
and  become  separated. 

In  some  instances  the  equilibria  depend 
upon  boiling  point  differences  in  much  the 
same  manner  as  found  in  conventional  dis- 
tillation columns.  In  others,  various  chemi- 
cal forces  are  involved  which  supplement  the 
boiling  point  effect.  Regardless  of  the  nature 
of  the  forces  however,  chromatographic 
columns  can  usually  be  designed  to  be  many 
times  more  effective  than  distillation  pro- 
cedures. 

The  sample  is  injected  into  the  gas  chro- 
matograph  either  as  a  gas  or  as  a  liquid  which 
immediately  volatilizes  within  the  inlet. 
From  here  it  moves  with  the  carrier  gas  into 
the  chromatographic  column  where  the  phase 
equilibria  are  established.  In  elution  analysis 
the  carrier  gas  is  a  continuous  flow  which 
moves  the  individual  components  through 
the  column,  usually  at  different  rates.  At  the 
exit  of  the  column  the  stream  enters  a  de- 
tector which  responds  differently  to  sample 
components  than  it  does  to  carrier  gas.  The 
output  of  the  detector  is  then  displayed  on  a 
recorder  to  give  a  chromatogram  such  as 
that  shown  in  Figure  1. 

The  time  required  for  a  given  component 
to  pass  through  a  column  under  appropriate 
flow  rate  and  temperature  conditions  can  be 
used  for  identifying  the  component.  The 
height  or  area  of  the  recorded  peak  can  be 
used  for  establishing  its  concentration.  Thus 
gas  chromatography  can  be  utilized  for  both 
qualitative  and  quantitative  analysis. 

The  strong  relationship  between  the  tech- 
nique and  spectroscopy  arises  from  several 
factors.  Chromatographic  separations  sim- 
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COLUMN:    4  FT.  HEXADECANE 
REGULATOR  PRESSURE:    45* 
CARRIER  GAS:    HELIUM 
ROW  RATE:    150  CC/MIN 
CURRENT:    250  MIUIAMPERES 
CHART  SPEED:    05  IN/MIN 
TEMPERATURE:    40*C 
SENSITIVITY:    2  EXCEPT  AS  NOTED* 


19    IB    17 


tf    IS     1*13      12    11    10    9     8 

TIME  IN  MINUTES 
FIG.  1.  Chromatogram  of  chlorinated  hydrocarbon  mixture. 


plify  samples  examined  spectroscopically 
and  provide  highly  purified  samples  for  cali- 
bration purposes.  On  the  other  hand,  spec- 
troscopic  methods  are  often  required  to  iden- 
tify chromatographic  fractions  which  cannot 
be  determined  by  elution  times  alone.  Nu- 
merous papers  have  been  presented2-12  which 
demonstrate  the  effectiveness  of  the  com- 
bined system.  Difficulties  arising  because  of 
the  minute  samples  normally  used  in  chro- 
matography  have  been  overcome  for  the 
most  part  by  development  of  microsampling 
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techniques  in  spectroscopy  and  the  use  of 
preparative  scale  chromatographic  columns. 
Gallaway  and  Johns6  in  1957  showed  that 
a  positive  identification  of  sample  compo- 
nents can  be  made  with  a  mass  spectrometer 
by  flowing  the  effluent  from  the  gas  chro- 
matograph  directly  into  the  mass  spectrome- 
ter. (Gohlke7  also  employed  this  technique 
using  a  mass  spectrometer  with  an  extremely 
fast  scan  time.  If  the  mass  spectrometer  can- 
not be  connected  directly  to  the  gas  chroma- 
tograph  or  the  scan  time  is  too  slow,  the 
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sample  components  can  be  collected  and 
identified  later. 

Collection  of  the  sample  components  is 
still  almost  always  required  when  infrared  is 
used  for  identification.  Since  infrared  us- 
ually requires  a  larger  sample  than  a  mass 
spectrometer  it  is  also  important  that  a  large 
enough  sample  can  be  charged  into  the  gas 
chromatograph  to  permit  collection  of 
enough  of  the  component  of  interest.  This 
problem  as  already  indicated  is  being  solved 
by  decreasing  the  amount  of  sample  needed 
for  infrared  (see  "Infrared  Microscopy"  in 
"Encyclopedia  of  Microscopy")  and/or  in- 
creasing the  amount  of  sample  which  can  be 
handled  by  gas  chromatography.  The  tech- 
nique of  using  infrared  for  the  qualitative 
analysis  of  very  small  fractions  from  a  gas 
chromatograph  was  described  in  1958  by 
Gallaway  et  aZ.6;  and  Carle  and  Johns  de- 
scribed the  design  and  application  of  prepara- 
tive scale  gas  chromatography  for  increasing 
sample  size. 

At  present  there  is  still  considerable  de- 
velopment work  in  progress  on  such  aspects 
as  high  sensitivity  detectors,  more  efficient 
columns,  high  temperature  applications, 
and  many  others.  Fortunately,  the  literature 
coverage  has  been  excellent  through  rapid 
publication  of  symposia  papers18*  14» 15  and 
texts.16'17*18'19  These  references  especially 
the  very  complete  Manual19  should  be  con- 
sulted for  a  more  comprehensive  treatment 
of  this  subject. 
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ISOTOPE  RATIO  DETERMINATION.  See  p,  210. 

LOW    IONIZING    VOLTAGE    ANALYSIS    OF 
COMPLEX  ORGANIC  MIXTURES 

Mass  spectrometric  ajialysis  with  low- 
ionizing  voltage  refers  to  the  use  of  reduced 
energy  electrons  to  produce  a  spectrum  con- 
sisting primarily  of  molecular  ions.  While  the 
actual  ionizing  voltage  used  depends  upon 
the  species  being  investigated,  the  ionizing 
voltage  generally  is  adjusted  to  a  value  in 
excess  of  the  appearance  potential  of  the 
molecular  ion(s),  but  less  than  the  appear- 
ance potential  of  fragment  ions  resulting 
from  bond  fission. 

There  are  four  broad  limitations  in  the 
application  of  mass  spectrometry  to  the 
analysis  of  organic  compounds:  (1)  instru- 
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ment  resolving  power,  (2)  vapor  pressure  of 
the  sample,  (3)  stability  of  the  sample  under 
high  vacuum  and  elevated  temperature  con- 
ditions, and  (4)  spectral  interferences.  Spec- 
tral limitations  arise  from  the  similarity  of 
fragmentation  patterns  for  organic  com- 
pounds of  different  structural  types,  various 
species  having  the  same  molecular  weight, 
and  rearrangement  ions  that  in  many  in- 
stances correspond  in  mass  to  the  molecular 
weight  of  lower  members  of  a  homologous 
series.  The  use  of  low-energy  electrons  will 
in  many  instances  circumvent  these  difficul- 


The  first  application  of  this  technique  (re- 
ported in  the  literature  in  1950)  was  by 
Stevenson  and  Wagner  to  the  mass  spec- 
trometric  determination  of  mono-deutero 
paraffins.  Since  1957  this  technique  has  been 
widely  adopted  in  petroleum  and  chemical 
laboratories.  Low-ionizing  voltage  operation 
has  been  applied  to  both  qualitative  and 
quantitative  determinations  of  organic  com- 
ponents in  complex  liquid  mixtures.  In  many 
instances  only  the  molecular  weights  of  the 
compounds  present  can  be  determined.  For 
some  mixtures  the  structural  types  can  be 
determined,  but  a  quantitative  analysis  is 
not  possible,  as  calibration  data  are  not 
available.  However,  for  many  aromatic, 
olefinic,  and  phenolic  type  compounds  cali- 

TABLE  1.  APPBOXIMATE  IONIZATTON  POTENTIALS 
FOR  VARIOUS  HYDROCARBON  COMPOUNDS 


Compound  class 


n-Paraffins  (C,  ->  Clo)  11.2  -»  10.2  e.v. 

1-Olefins  (C4  ->  Cio)  9.7  -»  9.5 

Aromatics  (CeH«)  9.5 

(lower  as  alkyl  groups  are 
added) 

Dissociation  energies: 
Additional  energy  to  pro- 
duce fragmentations* 

D  (C-C)  ~  3.3  e.v. 
D  (C— H)  ~  4.2 

•  Reduced  by  rearrangements,  etc.,  in  certain 
instances. 
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FIG.  1.  Typical  ionization  efficiency  curve  for 
molecular  ions  from  hydrocarbons. 

bration  data  are  available,  and  quantitative 
determinations  can  be  made.  In  detecting 
impurities  in  relatively  pure  compounds 
there  are  advantages  to  obtaining  a  spectrum 
at  low-ionizing  voltage.  For  many  structural 
types  it  is  difficult  to  determine  the  presence 
of  impurities  having  molecular  weights  lower 
than  the  major  component,  as  rearrangement 
ions  from  the  major  component  can  occur  at 
lower  mass  numbers.  Many  of  these  rear- 
rangement ions  can  be  eliminated  at  low- 
ionizing  voltage,  thus  making  detection  of 
impurities  possible. 

Instrument  Operation.  As  shown  in 
Table  1,  compound  types  can  be  grouped 
roughly  according  to  ionization  potentials 
with  the  olefinic  and  aromatic  types  re- 
quiring the  least  energy  to  produce  ioniza- 
tion. Many  fragment  ions  from  organic  mole- 
cules require  several  volts  additional  energy 
compared  with  the  molecular  ion.  Thus,  the 
ionizing  voltage  can  be  adjusted  to  produce 
a  spectrum  consisting  primarily  of  the  parent 
ions  of  the  compound  types  present.  Elec- 
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tron  accelerating  electrodes  are  normally 
operated  (~70  volts)  considerably  above 
the  appearance  potentials  of  the  singly-  and 
doubly-charged  ions  from  hydrocarbons.  As 
shown  in  the  ionization  efficiency  curve, 
Figure  1,  this  results  not  only  in  more  in- 
tense peaks  but  also  in  more  stable  operation, 
as  any  variation  in  electron  accelerating 
voltage  will  have  a  minimum  effect  on  peak 
intensity.  Both  of  the  above  advantages  are 
lost  by  operating  at  reduced  ionizing  volt- 
ages. The  slope  of  the  ionization  efficiency 
curve  is  much  larger  for  example,  at  10 
volts,  and  also  the  peak  intensity  will  be 
reduced  for  a  given  sample  charge.  The  ac- 
tual reduction  in  peak  intensity  will  depend 
on  the  shape  of  the  ionization  efficiency  curve 
for  the  particular  compound  being  investi- 
gated. When  molecular  ion  data  obtained  at 
10  volts  are  compared  with  those  obtained  at 
70  volts,  reductions  in  peak  intensities  the 
order  of  a  factor  of  10  are  quite  common. 
This  can  in  many  instances  be  compensated 
for  by  increasing  the  sample  charge.  Circuit 
changes  necessary  to  operate  commercially 
available  mass  spectrometers  at  reduced 
ionizing  voltages  have  been  described  by 
Lumpkin8. 

Application.  The  technique  is  most  ef- 
fective when  applied  to  a  mixture  consisting 
of  similar  structural  types.  For  a  hydro- 
carbon mixture  it  is  desirable  to  have  satu- 
rated and  unsaturated  structures  separated 
before  the  analysis.  However,  in  certain  in- 
stances it  is  possible  to  determine  whether  a 
particular  peak  is  assignable  to  a  saturated 
or  unsaturated  structure  on  the  basis  of 
spectra  obtained  at  progressively  lower  ioniz- 
ing voltages.  For  hydrocarbon  mixtures  con- 
taining few  if  any  oxygenated  compounds 
and  boiling  below  approximately  200°C, 
prior  analysis  for  group  types  is  feasible  and 
very  useful.  As  only  drop  quantities  are  re- 
quired for  the  mass  spectrometric  determina- 
tion, samples  can  be  collected  directly  from 
a  fluorescence  indicator  chromatographic 
column  for  spectrometric  investigation.  In 


this  manner  the  low-ionizing  voltage  tech- 
nique can  be  used  most  effectively,  and  at  the 
same  time  total  values  for  the  saturates, 
olefins,  and  aromatic  structural  types  can  be 
determined.  Molecular  ions  observed  in  the 
spectra  of  these  three  fractions  can  then  be 
associated  with  structures  of  the  appropriate 
hydrocarbon  classes.  Identical  molecular  ion 
series  occur  for  several  classes  of  compounds 
— one  example  being  ketones,  aldehydes,  and 
paraffins.  A  second  overlapping  series  occurs 
for  the  olefins  and  naphthenes. 

Figure  2  shows  a  comparison  of  naphtha- 
lene spectra  obtained  at  ionizing  voltages  of 
70  and  8.6  volts.  The  8.6  volts  is  the  indi- 
cated value,  with  the  actual  voltage  being 
approximately  10.6  volts.  In  addition  to  the 
molecular  ion  peak,  the  only  other  peaks 
appearing  in  the  8.6-volt  spectrum  are  from 
C18  isotopes  and  from  impurities  in  the  naph- 
thalene. Impurity  peaks  can  be  seen  at 
masses  134  and  142.  Fragmentation  peaks  in 
the  mass  range  97  to  127  are  completely 
missing  in  the  spectrum  obtained  at  low- 
ionizing  voltage.  As  all  even  mass  peaks 
could  be  molecular  ions  resulting  from  com- 
pounds containing  various  combinations  of 
carbon  and  hydrogen,  peaks  occurring  at 
masses  126, 102, 100,  and  98  in  the  spectrum 
of  naphthalene  can  be  misleading.  In  general, 
rearrangement  ions  appearing  at  even  masses 
and  corresponding  in  mass  to  a  radical  plus 
a  hydrogen  atom  have  appearance  potentials 
only  a  few  tenths  of  a  volt  higher  than  the 
parent  molecular  ion.  For  this  reason  rear- 
rangement ions  cannot  always  be  eliminated 
from  the  spectrum;  however,  in  mixtures  of 
high-molecular  weight  hydrocarbons  all  par- 
ent mass  peaks  of  interest  are  above  mass  100 
and  lower  mass  fragment  peaks  can  be  toler- 
ated. An  example  of  the  application  of  the 
low-ionizing  voltage  technique  to  a  hydro- 
carbon mixture  is  shown  in  Figure  3.  This 
sample  is  an  aromatic  fraction  of  a  neutral 
oil  from  the  hydrogenation  of  coal.  The  nor- 
mal mass  spectrum  shows  peaks  at  almost 
every  mass  number,  and  it  would  be  ex- 
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FIG.  2.  Partial  mass  spectrum  of  naphthalene,  normal  and  reduced  ionizing  voltages. 
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FIG.  3.  Partial  mass  spectrum  of  a  260-276°C  aromatic  fraction  of  a  neutral  oil  from  the  hydrogena- 
tion  of  coal. 
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tremely  difficult  to  determine  even  a  molecu- 
lar-weight range  for  the  compounds  present. 
This  information  can  be  easily  derived  from 
the  spectrum  obtained  at  reduced  ionizing 
voltage.  The  first  parent  mass  indicated  is 
mass  152  with  the  most  intense  peak,  mass 
156,  corresponding  to  an  ethyl  or  dimethyl 
substituted  naphthalene.  Peaks  showing  at 
odd  mass  numbers  are  not  fragmentation 
peaks  in  this  instance;  rather  they  are  due 
primarily  to  C18  isotope.  The  complete  low- 
voltage  spectrum  of  this  unknown  sample 
contains  22  parent  mass  peaks,  indicating  a 
TpmiTYmTn  of  22  compounds  present  in  this 
16°C  fraction.  This  is  a  miTrinuiTn  number  of 
compounds,  as  individual  isomers  cannot  be 
identified  by  the  low-voltage  method. 

This  technique  also  can  be  applied  to  the 
quantitative  analysis  of  complex  mixtures 
provided  a  prior  separation  of  compound 
types  has  been  carried  out.  Lumpkin8  has  ob- 
served that  sensitivity  factors  for  many 
homologous  series  of  aromatic  hydrocarbons 
can  be  determined  from  the  sensitivity  fac- 
tor for  the  initial  member  of  these  series.  In 


general,  sensitivity  factors  (chart-divisions 
per  unit  liquid  volume  of  sample)  for  aro- 
matic hydrocarbons  increase  with  the  num- 
ber of  ring  systems  and  decrease  with  the 
length  of  alkyl  substituents.  Sensitivities  also 
increase  with  the  number  of  ring  substitu- 
ents. These  correlations  also  apply  to  the 
corresponding  phenolic-type  compounds.  Ap- 
proximate sensitivity  factors  over  a  wide 
molecular-weight  range  can  be  obtained  by 
extrapolating  from  the  sensitivity  value  for 
the  first  member  of  the  series  to  zero  sensi- 
tivity at  infinite  molecular  weight,  as  shown 
in  Figure  4.  Crable,  Kearns,  and  Norris8  have 
correlated  sensitivity  factors  for  aromatic 
hydrocarbons  with  the  type  of  substituent 
group  on  the  ring(s). 

The  technique  is  particularly  useful  in  ob- 
taining carbon-number  distribution  data  for 
mixtures  not  analyzable  by  other  methods. 
Carbon-number  distribution  data  for  many 
light  oils,  such  as  some  of  the  common  jet 
fuels,  can  be  obtained  by  this  method.  Ap- 
plication of  this  method  to  a  complex  mix- 
tureof  phenolic-type  compoundsis  illustrated 
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FIG.  4.  Low-ionizing  voltage  sensitivity  data  for  tar  acids. 
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FIG.  5.  Mass  spectrum  of  trimethylsilyl  ether  derivative;  phenol  fraction  (b.p.  273-340 °C)  of  middle 
oil  from  hydrogenation  of  lignite  (ionizing  voltage  7  volts,  indicated). 

in  Figure  5.  In  this  instance  the  tri- 
methylsilyl ether  derivative  sample  was  pre- 
pared to  confirm  the  presence  of  the  phenolic 
types.  This  resulted  in  a  shift  of  72  mass 
units  for  each  hydroxyl  group  present  in  the 
molecule  and  eliminated  interference  from 
any  neutral  material  occurring  on  the  same 
mass  series.  Quantitative  carbon-number  dis- 
tribution data  can  be  obtained  from  the 
spectrum  of  the  original  sample  using  sensi- 
tivity data  shown  in  Figure  4,  This  is  illus- 
trated in  Figure  6  where  data  were  obtained 
for  phenols  and  indanols  in  the  tar-acid  frac- 
tion of  oil  from  the  hydrogenation  of  coal. 
Components  containing  6  to  16  carbon  atoms 
were  found,  and  in  a  mixture  of  this  type  as 
little  as  a  few  tenths  of  a  per  cent  is  detecta- 
ble at  the  higher  carbon  numbers.  Data  of 
this  type  are  useful  not  only  in  determining 
the  structural  types  present  but  also  the  ex- 
tent of  alkyl  substitution  on  these  structures 
and  average  molecular  weights.  In  some  in- 
stances these  data  have  been  used  for  com- 
parison with  the  total  value  for  the  individual 
isomers  at  each  carbon  number,  as  deter- 
mined by  chemical  and  other  methods.  This 
technique  not  only  results  in  faster  deter- 
minations than  by  classical  methods  but  also 
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FIG.  6.  Low-ionizing  voltage  mass-spectrom- 
eter analysis.  Carbon-number  distribution  of  phe- 
nols and  indanols  in  tar-acid  fraction  produced  by 
hydrogenation  of  coal. 
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provides  information  not  obtainable  from 
other  sources. 
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PETROLEUM  OIL  ANALYSIS 

Of  the  many  applications  of  mass  spec- 
trometry,  one  of  the  most  interesting  and 
industrially  useful  is  the  analysis  of  petro- 
leum products.  Mass  spectrometry  was  first 
used  in  the  petroleum  industry  in  1942  as  a 
method  of  analyzing  refinery  gas  streams.7  • 8  • 
10, 63, 64  Within  a  few  years,  mass  spectral 
methods  had  been  developed  for  the  deter- 
mination of  hydrocarbon  types  of  gasoline 
fractions,8*  9» M  and  by  that  time  the  mass 
spectrometer  had  become  an  essential  ana- 
lytical tool  for  petroleum  refineries.  The 
next  major  development  was  a  heated  inlet 
system,10*45  which  made  possible  the  mass 
spectral  study  of  high-boiling  petroleum 
fractions.  It  is  the  purpose  of  the  present 
article  to  review  the  status  of  high-tempera- 
ture mass  spectrometry  and  its  application 
to  the  study  of  the  composition  of  distillate 
petroleum  fractions  boiling  above  the  kero- 
sene range.  In  writing  this  review,  the  au- 
thors have  made  liberal  use  of  two  of  their 
earlier  reviews  on  the  subject.80'  * 


Instrumental 

Standard  single-focusing  analytical  mass 
spectrometers68  have  been  modified  for  high- 
molecular-weight  applications  by  adding  a 
heated  inlet  system  and  by  making  minor 
alterations  to  the  ion  optical  system  to  re- 
solve the  mass  scale  up  to  about  mass 
600.10*  u •  85»  «• 45'  fl°  The  difficulties  attend- 
ant upon  maintaining  a  metal  high-vacuum 
inlet  system  at  high  temperature  have  gener- 
ally led  to  the  use  of  glass  systems  in  which 
molten  metal,  such  as  gallium,  tin,  or  in- 
dium, is  used  for  vacuum-control  valves  and 
for  sealing  sintered-glass  discs  for  sample 
introduction.12'  85»  *• 48  Such  sysetms  can  be 
operated  up  to  about  500°C  with  no  diffi- 
culty. For  the  analysis  of  hydrocarbons,  an 
inlet-system  temperature  of  about  350°C 
will  vaporize  compounds  containing  up  to 
about  fifty  carbon  atoms  per  molecule 
without  thermal  decomposition.  Materials 
susceptible  to  thermal  degradation  (many 
nonhydrocarbons)  must  be  run  at  lower 
temperatures,  and  this,  of  course,  limits  the 
use  of  the  technique  to  the  lower-boiling 
compounds.  When  only  moderate  tempera- 
tures are  required,  systems  having  'Teflon" 
valve  seats,  packing,  etc.,10'  u  can  be  em- 
ployed up  to  about  200°-250°C. 

In  order  to  resolve  the  mass  peaks  in  the 
200  to  600  mass  range,  it  is  necessary  to  de- 
crease the  size  of  the  ion  definition  and  reso- 
lution slits  in  comparison  to  that  used  in  a 
standard  analytical  mass  spectrometer.  This, 
of  course,  results  in  a  loss  of  sensitivity  which 
must  be  compensated  for  by  increasing 
amplifier  gain  on  the  ion  detector.  Vibrating- 
reed  amplifiers  have  been  widely  used  in  this 
application,  since  they  possess  the  required 
high  gain  coupled  with  excellent  stability. 
Other  instrument  modifications  for  operating 
in  the  higher  mass  range  are  largely  con- 
cerned with  providingthe  necessary  flexibility 
and  stability  of  instrument  operation.12' 45 

Resolution  above  1  in  600  can  be  ac- 
complished by  double-focusing  mass  spec- 
trometers. Several  instruments  of  this  type, 
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suitable  for  organic  analysis,  have  been  de- 
scribed,19* tt  and  the  modifications  and  use  of 
one  of  these  for  the  analysis  of  heavy  pe- 
troleum fractions  has  just  been  reported.16 

Digitization  of  the  mass  spectra  of  high- 
molecular-weight  materials  is  accomplished 
by  means  similar  to  those  used  in  low-mass 
work.  Procedures  for  data  reduction,  there- 
fore, vary  from  manual  to  completely  auto- 
matic. The  calculation  of  the  composition  of 
heavy  petroleum  fractions  is  quite  detailed 
and  is  usually  carried  out  on  high-speed 
automatic  computers. 

Mass  Spectra 

The  application  of  mass  spectrometry  to 
the  study  of  composition  of  heavy  petroleum 
fractions  requires  the  availability  of  a  vari- 
ety of  reference  spectra.  It  is  important  to 
have  mass  spectra  of  pure  compounds,  par- 
ticularly those  believed  to  be  typical  of  pe- 
troleum molecules,  and  mass  spectra  of  nar- 
row-type concentrates  of  petroleum  origin. 

Neither  the  pure  compounds  nor  the  nar- 
row concentrates  are  available  to  the  extent 
and  variety  needed,  but  the  available  cali- 
bration materials  have  been  sufficient  for  the 
development  of  mass  spectral  methods  for 
studying  many  aspects  of  molecular  compo- 
sition of  heavy  distillate  oils.  The  pure  com- 


pounds on  which  many  of  the  present  meth- 
ods have  been  based  are  primarily  those 
synthesized  by  American  Petroleum  Insti- 
tute Research  Projects  42,  48,  and  52.  Mass 
spectra  of  these  API  compounds  are  in- 
cluded in  the  spectral  tables  distributed  by 
API  Research  Project  44.  Inasmuch  as  the 
spectra  of  many  high-molecular-weight 
compounds  have  been  discussed  in  detail  in 
the  literature,8'  u*  18« 24* 40-  45> 46*  *•  u  only  a 
brief  review  of  the  more  important  general- 
izations drawn  from  the  spectra  is  given  here 
to  show  the  typical  spectral  variations 
among  molecular  types  and  therefore  to  indi- 
cate the  general  basis  of  the  mass  spectro- 
metric  analytical  methods  for  studying 
heavy-oil  composition. 

Hydrocarbons.  The  simplest  mass  spec- 
tra of  heavy  hydrocarbons  are  those  of  the 
n-alkanes,  and  the  spectra  of  all  the  mem- 
bers of  that  series  are,  in  general,  quite  simi- 
lar. The  spectrum  of  n-tetracosane  is  shown 
as  a  bar  graph  in  Figure  1  as  an  example.  In 
the  figure,  the  large  peak  occurring  at  mass 
338  is  referred  to  as  the  "parent  peak,"  since 
it  represents  the  ions  formed  from  the  parent 
molecules  (C^eo)  by  the  loss  of  a  single 
electron.  The  peaks  appearing  at  mass  num- 
bers 339  and  340  are  the  heavy-isotope 
equivalents  of  the  parent  peak,  since  they 
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FIG.  1.  Mass  spectrum  of  n-tetracosane.  (Redrawn  from  O'Neal  and  Wier"  with  permission  of  the 
American  Chemical  Society.) 
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are  positively  charged  parent  molecules 
(CwHeo)  containing,  respectively,  one  or  two 
heavy  atoms  (H2,  C18).  The  many  peaks  oc- 
curring below  the  parent  peak  are  all  formed 
by  fragmentation  of  the  molecule,  and  they 
are  usually  referred  to  as  "fragment  peaks." 
The  most  pronounced  of  the  fragment  peaks 
in  the  spectrum  of  n-tetracosane  are  CnH2n+i 
alkyl  peaks  in  the  C2-to-C6  region,  and  this  is 
typical  of  the  mass  spectra  of  heavy  n-al- 
kanes. 

The  spectra  of  isoalkanes  are  similar  to 
those  of  n-alkanes,  except  that  parent  peaks 
are  usually  negligible,  and  large  CnH2n+i 
peaks  occur  at  carbon  numbers  equivalent 
to  the  loss  of  any  one  of  the  alkyl  groups  at- 
tached to  the  tertiary  (or  quaternary)  car- 
bon atom  of  the  molecule,  as  indicated  below. 

R* 
Ri— C— I— R, 

H 

The  loss  of  an  alkyl  substituent  in  this  man- 
ner is  ordinarily  accompanied,  to  an  appreci- 
able extent,  by  the  loss  of  an  additional  hy- 
drogen atom,  with  the  result  that  a  sizeable 
spectral  peak  occurs  at  a  mass  one  less  than 
that  of  each  major  C»H2n+i  fragment  peak. 

The  largest  peaks  in  the  spectra  of  cyclo- 
alkanes  are  generally  those  due  to  the  loss  of 
one  or  more  alkyl  groups  from  tertiary  or 
quarternary  carbon  atoms  of  the  ring.  As  in 
the  case  of  isoalkanes,  the  loss  of  an  alkyl 
group  is  accompanied,  to  a  considerable,  ex- 
tent, by  the  loss  of  a  hydrogen  atom.  There- 
fore, the  large  fragmentation  peaks  in  spec- 
tra of  monocycloalkaneg  appear  on  the 
CnH2n-i  and  CnH2n-2  series.  In  polycyclo- 
alkanes,89'  49»  *  fragmentation  is  more  com- 
plex because  of  the  tendency  of  certain  types 
of  ring  systems  to  break  apart.  Otherwise, 
the  major  peaks  are  the  parent  peaks  and  the 
fragment  peaks  of  equal  or  slightly  greater 
carbon  numbers  than  those  of  the  condensed 
nuclei  of  saturate  rings. 

The  most  significant  peaks  in  the  spectra 
of  aromatic  compounds  are  those  from  the 


loss  of  an  alkyl  group  due  to  fragmentation 
at  the  weak  bond  between  the  a  and  0  car- 
bon atoms  of  a  nuclear  substituent.  In  this 
type  of  fragmentation,  there  is  a  strong 
tendency  for  the  resulting  fragment  to  con- 
tain an  extra  hydrogen  atom.  Therefore,  the 
spectrum  of  n-decylbenzene,  for  example, 
gives  a  very  large  fragment  peak  not  only  at 
mass  91  (benzyl  or  tropylium55),  but  also  at 
mass  92  (toluene).  Parent  peaks  are  large 
and  are  thus  particularly  useful  in  mass  spec- 
tra of  aromatic  hydrocarbons. 

Nonhydrocarbons.  The  mass  spectra  of 
thiopheno  compounds,  e.g.,  alkyl  derivatives 
of  benzothiophene 


D 


and  dibenzothiophene 


are  similar  in  many  respects  to  spectra  of 
aromatic  hydrocarbons.  For  example,  the 
parent  peaks  of  alkyl  benzothiophenes  oc- 
cupy the  same  mass  series  (CnH2n-«)  as 
alkyl  benzenes.  Similarly,  major  fragment 
peaks  of  benzenes  and  benzothiophenes  have 
the  same  mass  series  (C«H2n~7).  However, 
the  major  fragment  peaks  differ  by  the 
equivalent  of  four  carbon  atoms  on  the 
CnH2n-7  series  because  of  the  difference  in 
size  of  the  condensed  nucleus.  For  example, 
the  major  fragment  of  a  trialkyl  benzothi- 
ophene  of  the  type 


OH, 


CHs 


where  R  is  a  long  alkyl  chain,  appears  on  the 
CnH2n-7  series  at  mass  175,  whereas  the 
equivalent  trialkyl  benzene  fragment  ap- 
pears at  mass  119.  This  behavior  is  used  to 
advantage  in  analytical  schemes  for  distin- 
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FIG.  2.  Mass  spectrum  of  nickel-etioporphyrin. 


550 


guishing  between  any  aromatic  hydrocarbon 
type  and  its  thiopheno  derivative. 

Nitrogen  compounds  containing  an  odd 
number  of  nitrogen  atoms  can  be  distin- 
guished from  hydrocarbons  because  the  mass 
numbers  of  their  parent  ions  are  odd  rather 
than  even  and  the  mass  numbers  of  their 
fragment  peaks  are  even  rather  than  odd. 
For  example,  alkyl  carbazoles. 


have  parent  masses  on  the  CnEkn-u  series 
and  major  fragments  on  the  CnH2n-i6  series. 
Porphyrin-metal  complexes,  which  contain 
four  nitrogen  atoms,  are  remarkably  stable 
and  volatile  and  therefore  can  be  studied  by 
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conventional  high-mass  spectrometers.  Their 
spectra  are  characterized  by  large  parent 
peaks  and  smaller  fragment  peaks  resulting 
from  the  loss  of  short  side  chains.  The  par- 
ent-peak distribution  corresponds  to  the 
isotope  distribution  of  the  specific  metal  of 
the  porphyrin  complex.  The  spectrum  of 
nickel-etioporphyrin*  is  shown  in  Figure  2. 

Oxygenated  compounds  in  heavy  petro- 
leum oils  have  not  been  as  extensively  stud- 
ied as  have  nitrogen  and  sulfur  compounds 
and  hydrocarbons.  The  mass  spectrometer 
can,  however,  be  used  for  characterizing  oxy- 
gen-containing compounds  of  high  molecu- 
lar weight,  as  demonstrated  for  fatty 

*  The  sample  of  nickel-etioporphyrin  was  pre- 
pared by  Dr.  A.  H.  Corwin  of  Johns  Hopkins 
University. 
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FIG.  3.  Mass  spectrum  of  cholesterol. 


acids,4'  26»  "esters,8* 18 alcohols,11  glycols,58'  M 
phenols,88  and  steroids.24  This  is  illustrated 
in  Figure  3  by  the  mass  spectrum  of  choles- 
terol. Characteristic  fragmentation  modes  for 
this  sterol  involve  the  loss  of  HOH  and  a 
methyl  group,  presumably  one  of  the  angular 
methyl  groups.  Many  of  the  prominent  peaks 
involve  ring  rupture  in  combination  with  the 
loss  of  HOH  and/or  a  methyl  group,  as 
shown  in  Figure  3.  Spectral  changes  can  be 
correlated  with  the  type  of  side-chain  sub- 
stituent,  the  degree  of  saturation  of  ring  B, 
and  the  presence  or  absence  of  an  OH  group 
in  ring  A. 

One  aspect  of  mass  spectra  which  makes 
them  useful  for  identification  of  compounds 
is  that  each  compound  of  a  given  empirical 
formula  has  a  unique  distribution  of  heavy- 
isotope  equivalents  of  the  parent  peak.  For 
example,  Table  1  shows  the  spectral  peak 
heights  at  masses  129  and  130  for  eight  com- 
pounds having  parent  peaks  of  mass  128. 


TABLE  1.  ISOTOPIC  ABUNDANCES  OF  SOME 

COMPOUNDS  HAVING  PARENT  PEAKS 

OF  MASS  128 


Peak  Heightj%  of  Parent-Peak 

Empirical  Formula 

Height 

129 

130 

CioHs 

10.93 

0.54 

cysio 

10.03 

0.45 

CsH160 

8.93 

0.55 

CWBUN* 

9.44 

0.39 

CsHiOjS 

6.34 

5.02 

CJEgOiNz 

6.33 

0.58 

CBE4O4 

5.62 

0.94 

CjaEiOiN, 

5.23 

0.72 

Lumpkin  and  Nicholson38  made  use  of  such 
differences  in  isotopic  abundances  in  identi- 
fying products  from  the  oxidation  of  0-xy- 
lene. 

Standardization  of  Spectra.  In  order 
to  obtain  maximum  usefulness  from  mass 
spectra,  it  should  be  possible  to  compare  di- 
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rectly  any  peak  of  one  spectrum  with  any 
peak  of  another  spectrum.  Until  recently, 
the  usual  way  of  comparing  spectra  of  high- 
mass  compounds  in  this  way  was  to  correct 
each  spectrum  for  the  observed  sample  size 
and  instrument  sensitivity  by  comparing  it 
with  the  spectrum  of  an  equal  amount  of  a 
standard  pure  compound  (e.g.,  n  —  Cw) 
which  was  run  the  same  day.  This  approach 
has  not  been  completely  satisfactory.  Re- 
cently, a  more  useful  approach  has  been  sug- 
gested by  Crable  and  Coggeshall18  and  by 
Hood.29  It  is  concerned  with  the  use  of  total 
ionization  (or  total  spectral  peak  heights) 
and  is  based  on  the  finding  of  Otvos  and 
Stevenson61  that  total  ionization  per  mole  is 
proportional  to  the  sum  of  the  atomic  ioniza- 
tion cross  sections  of  a  molecule.  The  total- 
ioiiization  approach  provides  a  correction  of 
any  high-mass  spectrum  for  sample  size  and 
instrument  sensitivity  by  means  of  a  simple 
calculation,  and  it  does  not  require  any 
knowledge  of  the  actual  sample  size  or  sensi- 
tivity. 

A  useful  and  simplified  modification  of  the 
total-ionization  technique  of  standardizing 
mass  spectra  has  recently  been  adopted  for 
use  in  the  API  Catalog  of  Mass  Spectral 
Data.  Each  peak  height  of  a  given  high-mass 
spectrum  will  be  reported  on  the  basis  that 
the  sum  of  the  peak  heights  of  that  spec- 
trum is  a  constant  value,  namely,  1  X  105. 

Analytical  Methods 

In  the  application  of  mass  spectra  to  the 
analysis  of  heavy  petroleum  fractions,  two 
general  approaches  can  be  used.47'  *  One  is 
based  on  spectral  peaks  of  parent-molecule 
ions,  and  the  other  on  peaks  from  fragment 
ions.  Each  approach  has  specific  advantages 
in  certain  applications,  and  therefore  the 
method  chosen  in  any  particular  case  de- 
pends on  the  nature  of  the  petroleum  fraction 
and  the  type  of  compositional  information 
desired. 

The  parent-peak  method  gives  analyses  in 
terms  of  the  formula  CWH2»+, ,  where  n  is 
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the  number  of  carbon  atoms  per  molecule, 
and  #  is  a  hydrogen  coefficient  which  has  the 
value  +2  for  alkanes  and  decreases  by  2  for 
each  ring  and  for  each  double  bond  present 
in  the  molecule.  Thus,  the  parent-peak  ap- 
proach provides  a  determination  of  both  a 
molecular-weight  distribution  and  a  hydro- 
carbon-type distribution. 

The  fragment-peak  methods  are  based  on 
stable  fragments  of  lower  carbon  number 
than  the  original  molecule,  and  thus  they 
describe  the  components  of  the  molecule  but 
not  necessarily  the  original  molecule.  Frag- 
ment-peak methods  have  the  important  ad- 
vantage of  giving  a  distinction  between  cer- 
tain homologous  series  which  have  identical 
mass-spectral  parent  peaks.  For  example,  the 
major  alkane  fragments  are  in  the  Cs-to-Cs 
region  of  the  CnHan+i  series,  whereas  the 
alkyl  naphthalene  fragments  are  found  at 
On  to  CM  on  the  mass-equivalent  CnH2»_i8 
spectral  series.  Likewise,  as  mentioned  above, 
the  major  fragments  of  alkyl  benzenes  and 
alkyl  benzothiophenes  are  separated  by 
about  four  carbon  atoms  on  the  C»H2n-7 
series,  whereas  their  parent  peaks  cannot  be 
resolved  with  conventional  mass  spectrome- 
ters. It  is  pointed  out  in  a  subsequent  sec- 
tion of  this  article,  however,  that  new  double- 
focusing  instruments  are  being  developed 
which  should  resolve  many  of  these  mass- 
equivalent  parent  peaks,  even  in  the  high- 
mass  range. 

Mass-spectral  methods  can  be  applied  to 
petroleum  oils  having  a  wide  range  of  molec- 
ular weight  and  molecular  type.  In  general, 
however,  as  a  sample  is  made  more  nearly 
homogeneous  with  respect  to  molecular 
weight  and  type  by  means  of  physical  sep- 
arations, more  detailed  information  on 
composition  can  be  obtained.20'81'85*41-48' 
49,  so,  56-68  por  the  routine  analysis  of  oils,2'  * 
it  is  usually  desirable  to  make  at  least  a  pre- 
liminary separation  into  saturate  and  aro- 
matic concentrates  and  to  analyze  those  two 
concentrates  individually.  Inasmuch  as  the 
same  separation  is  useful  in  our  discussion  of 
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the  methods,  the  subsequent  discussion  of 
mass-spectral  methods  is  divided  into  (a) 
the  analysis  of  saturate  concentrates,  and 
(6)  the  analysis  of  aromatic  concentrates. 

Analysis  of  Saturate  Concentrates. 
Both  the  parent-peak  and  fragment-peak  ap- 
proaches can  be  used  in  the  analysis  of 
heavy  saturate  concentrates.  The  advantages 
and  limitations  of  each  are  discussed  below. 

Parent-peak  Methods.  The  general  parent- 
peak  approach  has  been  described  by  O'Neal 
and  co-workers-46  •47»48  Briefly,  it  involves 
the  comparison  of -heights  of  the  various 
parent  peaks  after  each  has  been  divided  by 
the  sensitivity  it  would  exhibit  as  a  pure 
compound.  The  first  application  of  the 
parent-peak  method  which  O'Neal  de- 
scribed46 was  the  analysis  of  a  paraffin  wax 
(Figure  4) .  Although  the  original  method  was 
based  on  a  rniniTnimn  of  calibration  spectra 
of  pure  compounds,  the  analytical  results 
were  found  to  be  quite  reasonable,  and  the 
method  has  been  used  extensively21-28' 89» 61 
with  only  minor  modification.  Very  recently, 
the  adaptation  of  a  detailed  wax  method  to 
digital  computation  was  reported  by  Brown 
and  co-workers.12 

In  the  analysis  of  nonwax  saturate  con- 
centrates, the  parent-peak  methods  are  of 
limited  applicability  because  of  the  diffi- 
culty in  differentiating  between  parent  peaks 
and  rearranged  fragment  peaks  in  the  spec- 


trum of  a  sample  having  a  wide  molecular- 
weight  range.  This  is  illustrated  in  Figure  5 
(reference  30),  which  shows  the  spectral  peak 
heights  in  the  parent-peak  region  for  a  typ- 
ical refinery  lubricating-oil  distillate  and  for 
a  narrow  center  cut  from  an  efficient  labora- 
tory distillation  of  that  same  refinery  distil- 
late. In  the  case  of  the  laboratory  distillation, 
it  is  possible  to  draw  a  base  line  to  give  an 
approximate  distinction  between  parent  and 
fragment  peaks.  For  the  refinery  distillate, 
however,  the  parent  peaks  are  camouflaged 
by  fragment  peaks,  and  thus  a  dependable 
parent-peak  analysis  is  probably  impossible. 

For  heavy  petroleum  saturates  with  a  suf- 
ficiently narrow  molecular-weight  range, 
probably  the  best  parent-peak  sensitivities 
reported  for  converting  from  peak  height  to 
percentage  composition  are  those  of  Schissler 
and  co-workers.67  They  were  based  on  nar- 
row petroleum  fractions  and  are  given  in 
Table  2. 

Fragment-peak  Methods.  In  the  analysis  of 
heavy  petroleum  saturates,  the  fragment- 
peak  methods  have  the  advantages  of  being 
rapid  and  of  being  applicable  to  even  poorly 
distilled  samples.  On  the  other  hand,  the 
fragment  methods  have  two  minor  disad- 
vantages. One  is  that  the  low-mass  frag- 
ment peaks  provide  no  distinction  between 
n-alkanes  and  isoalkanes.  The  other  is  that 
the  fragment  methods  give  saturate-ring 
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FIG.  4.  Composition  of  a  paraffin  wax  by  mass  spectrometric  analysis.  (Redrawn  from  O'Neal  and 
Wier45  with  permission  of  the  American  Chemical  Society.) 
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FIG.  5.  Carbon-number  distribution  of  lubricating-oil  saturates.*0 


TABLE  2.  PABBNT-PEAK  SENSITIVITIES  FOB 

LUBRICATING-OIL  SATURATES57 


Saturate  Rings  per  Molecule 


1 
2 
3 
4 
5 


Parent-Peak  Sensitivity 


1.00 
1.77 
2.74 
3.68 
4.41 


number  analyses  in  terms  of  the  number  of 
rings  per  nucleus  of  fused  rings,  rather  than 
total  rings  per  molecule.  Actually,  it  is  prob- 
able that  the  fragment  methods  do  give 
rings  per  molecule  for  petroleum  molecules 
-with  no  more  than  three  or  possibly  four 
saturate  rings,  because  it  is  now  believed 
that  essentially  all  of  those  molecules  contain 
all  of  their  rings  in  a  single  fused  nucleus. 
For  molecules  containing  five  or  more  satur- 
ate rings,  their  noncondensed  nature80  re- 
quires the  use  of  parent-peak  methods  for 
the  determination  of  total  rings  per  molecule. 

Four  fragment  methods  have  been  pub- 
lished for  the  mass-spectral  analysis  of  petro- 
leum saturates.17'  80» 88*  *  They  have  recently 
been  compared  in  some  detail  by  Hood  and 
O'Neal,80  and  therefore  only  brief  descrip- 
tions and  comparisons  are  given  below. 

The  earliest  of  these  methods  was  that  of 
Clerc  and  co-workers.17  It  gives,  in  effect,  a 
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determination  of  molecules  containing  zero, 
one,  and  two  saturate  rings,  plus  aromatic 
impurities.  It  is  a  matrix-type  method  based 
on  fragments  containing  4  to  11  carbon 
atoms.  It  is  a  convenient  and  useful  method 
for  the  routine  analysis  of  fractions  from 
paraffinic  crudes,  but  it  is  not  applicable  to 
saturate  concentrates  containing  appreciable 
concentrations  of  molecules  with  two  or 
more  saturate  rings. 

Melpolder  and  co-workers48  developed  a 
matrix-type  method  which  gives  the  rela- 
tive concentration  of  fused-ring  systems  con- 
taining zero  to  nine  saturate  rings,  as  well  as 
the  concentration  of  aromatic  impurities. 
The  inclusion  of  seven,  eight,  and  nine  rings 
in  the  method  represents  a  noteworthy  ac- 
complishment, but  the  accompanying  inac- 
curacies sometimes  produce  questionable 
analytical  results. 

The  third  published  method,  that  of 
Lumpkin  and  co-workers,28'86  gives  a  de- 
termination of  zero  to  six  saturate  rings  per 
fused-ring  system.  This  appears  to  be  a 
practical  ring-number  range  and  a  useful 
method.  One  disadvantage  of  the  method  is 
that  it  does  not  provide  for  the  determina- 
tion of  aromatic  impurities. 

The  latest  method  to  be  published,  that  of 
Hood  and  O'Neal,80  makes  use  of  the  same 
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saturate  mass  groupings  as  the  Lumpkin 
method  but  includes  an  additional  mass 
grouping  for  aromatic  types.  The  method  is 
based  on  the  mass  spectra  of  essentially  the 
same  pure  compounds  which  Lumpkin  used, 
except  that  the  spectra  were  standardized 
with  respect  to  sample  volume  and  in- 
strumental sensitivity.29  These  improved 
spectral  calibrations  were  found  to  exhibit 
such  a  strong  effect  of  molecular  weight  that 
a  separate  matrix  was  set  up  for  each  carbon 
number  from  16  to  32.  Each  matrix  is  ac- 
tually a  dual  matrix  which  is  applicable  to 
analytical  samples  in  which  the  zero-ring 
molecules  are  either  mainly  n-alkanes  or 
mainly  isoalkanes.  Of  the  four  methods,  this 
one  is  the  most  complex,  but  it  has  the  most 
flexibility  and  probably  the  widest  appli- 
cability. 

Analysis  of  Aromatic  Concentrates. 
Parent-peak  Methods.  The  parent-peak  ap- 
proach is  generally  more  useful  for  aromatics 
than  for  saturates  because  of  the  high  par- 
ent-peak intensities  exhibited  by  aromatic 
molecules.  This  can  be  seen  by  comparing 
Figure  5  with  Figure  6,  which  shows  the 
alkyl  benzene  (CnH2n-e)  parent-peak  series 
from  the  mass  spectrum  of  the  monoaro- 
matics  from  a  medium-lube  refinery  distil- 
late.16 


In  the  earliest  application  of  the  parent- 
peak  method  to  heavy  petroleum  aromatics, 
O'Neal  and  co-workers  assumed  equal  par- 
ent-peak sensitivities,  regardless  of  molecular 
weight  or  molecular  type.48  The  general 
method  has  now  been  improved  by  Bang, 
et  aZ.,88  who  reported  a  comprehensive  set  of 
aromatic  parent-peak  sensitivities. 

A  recent  major  improvement  in  the  aro- 
matic parent-peak  method  is  the  use  of  low 
ionizing  voltages.  Gordon  et  aZ.,25  Lumpkin,87 
and  Kearns  et  aZ.82  have  described  the  use  of 
low  voltages  to  overcome  any  masking  of 
parent  peaks  by  fragment  peaks.  This  is 
particularly  useful  for  concentrates  contain- 
ing aromatic  nuclei  which  do  not  carry  a 
long  alkyl  side  chain.  The  usefulness  of  this 
new  technique  is  illustrated  in  Figure  7, 
which  shows  the  CnH2n-2e  mass-spectral 
series  of  peaks  for  a  polyaromatic  concen- 
trate.16 The  parent-peak  curve  obtained  at 
the  customary  70  volts  is  camouflaged  con- 
fusingly  by  fragment  peaks,  whereas  the 
corresponding  curve  obtained  at  an  ionizing 
voltage  of  a  nominal  8  volts  shows  the  true 
parent-peak  distribution. 

Fragment-peak  Methods.  At  least  three 
methods  have  been  described  for  determin- 
ing aromatic  types  in  heavy  oils  by  means  of 
fragment-peak  techniques.  The  method  of 
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FIG.  6.  Carbon-number  distribution  of  alkyl  benzenes  from  a  medium-viscosity  lubricating  oil. 
(Redrawn  from  Carlson  and  O'Neal15  with  permission  of  the  American  Society  for  Testing  Materials.) 
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FIG.  7.  Carbon-number  distribution  of  a  poly- 
aromatic  concentrate.  (Redrawn  from  Carlson 
and  O'Neal18  with  permission  of  the  American 
Society  for  Testing  Materials.) 

Hastings  et  al*  provides  a  means  of  de- 
termining twelve  major  aromatic  types, 
including  three  types  which  contain  thio- 
phene  rings.  For  each  type,  Hastings  uses 
three  characteristic  fragment  peaks.  AndrS 
et  aU  reported  a  an-mlnr  method  for  the  de- 
termination of  31  types  which  is  based  on  a 
single  fragment  peak  being  characteristic  of 
each  given  type.  OrkSn  and  co-workers60 
have  reported  a  fragment-peak  method  of 
analyzing  lubricating-oil  aromatics  in  terms 
of  eight  aromatic  hydrocarbon  types.  No 
direct  comparisons  of  these  aromatic  frag- 
ment methods  have  been  made. 

Application  of  High-Resolution  High- 
Mass  Spectrometry 

The  analytical  methods  described  in  the 
preceding  section  were  all  based  on  the  use 
of  conventional  mass  spectrometers  of  the 
single-focusing  type  which  can  resolve  ad- 
jacent whole  mass  numbers  to  about  mass 
600.  By  the  incorporation  of  double-focusing 
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features  (both  magnetic  and  electrostatic), 
it  is  possible  to  extend  the  resolvable  mass 
range  considerably18  and,  as  shown  by  Bey- 
non,5  to  resolve  many  ions  of  identical 
nominal  mass.  It  therefore  becomes  feasible 
to  analyze  some  petroleum  residue  fractions 
as  well  as  distillate-range  mixtures  contain- 
ing components  of  overlapping  mass  spectral 
series. 

The  exact  mass  of  an  ion  of  known  empiri- 
cal formula  is  calculated  from  the  exact 
masses  of  the  constituent  atoms.  For  exam- 
ple, nonane  and  naphthalene,  both  of  nomi- 
nal mass  number  128,  have  calculated  masses 
of  128.1972  and  128.1033  amu  (atomic  mass 
units),  respectively.  Such  differences  in  exact 
mass  arise  from  the  failure  of  the  additivity 
law  with  regard  to  the  masses  of  the  nuclear 
particles.  A  knowledge  of  the  exact  masses  is 
of  less  utility  than  a  knowledge  of  the  differ- 
ence between  exact  masses,  especially  of  ions 
having  identical  nominal  mass  numbers.  In 
the  example  of  nonane  and  naphthalene, 
this  difference  is  0.0939  amu.  This  value,  ob- 
served for  overlapping  hydrocarbon  ions, 
corresponds  to  the  difference  in  exact  mass 
between  one  carbon  atom  and  twelve  hydro- 
gen atoms.  The  peak  separations  of  some 
doublets  which  can  appear  in  the  high- 
resolution  mass  spectra  of  petroleum  are 

TABLE  3.  MASS  DIFFERENCE  OF 
SELECTED  DOUBLETS" 


Doublet 

Mass  Difference 
AM,  amu 

Resolution  Re- 
quired at  Mass 
200,  200/AM 

H12-C 

0.0939 

2,130 

Hj-D 

0.0015 

130,000 

CH-C" 

0.0045 

44,000 

CHj-N 

0.0126 

15,900 

CH4-O 

0.0364 

5,500 

NVCO 

0.0112 

17,900 

CiHr-S 

0.0905 

2,210 

S-CsH-4 

0.0034 

59,000 

0,-S 

0.0178 

11,200 

CVHC1* 

0.0233 

8,580 

CjHi-Ar 

0.0689 

2,900 

CeHT-Br" 

0.1365 

1,470 

CisHu-Hg10* 

0.2022 

990 
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FIG.  8.  High-resolution  mass  spectrum  of  a  blend  of  pure  compounds  of  nominal  mass  268." 


shown  in  Table  3.  The  great  variety  arises 
from  the  presence  of  atoms  other  than  car- 
bon and  hydrogen.  Some  of  the  important 
doublets  not  specifically  given  in  this  table 
can  be  calculated  from  the  basic  doublets. 
For  instance,  the  mass  difference  for  the 
CgHs-CC^  doublet  is  twice  the  mass  differ- 
ence for  the  CBU-0  doublet.  The  resolution 
required  at  mass  200  is  given  in  the  last  col- 
umn of  Table  3.  A  more  extensive  list  of 
doublets  commonly  encountered  in  organic 
chemical  work  has  recently  been  reported  by 
Beynon,8 

As  an  example  of  the  usefulness  of  high- 
resolution  techniques,  the  parent-peak  region 
of  a  blend  of  2-n-hexyldibenzothiophene, 
2-n-decylnaphthalene,  and  n-C&  is  shown  in 
Figure  8  (reference  16).  This  spectrum  was 
obtained  on  a  double-focusing  coincident- 
field  mass  spectrometer  with  a  resolution  of 
about  1  in  2000.  Each  of  the  three  compo- 
nents of  the  blend  has  a  nominal  mass  of 
268,  but  the  resolution  of  the  mass  spec- 
trometer is  sufficient  to  resolve  the  individual 
components,  even  though  the  mass  separa- 
tion is  only  0.0905  amu  between  the  thio- 
phene  and  naphthalene  and  0.0939  amu  be- 


tween the  naphthalene  and  n-alkane.  Peaks 
at  masses  269, 270,  and  271  are  due  to  heavy 
isotopes,  primarily  those  of  carbon  and 
sulfur. 

The  high-resolution  mass-defect  technique 
can  be  most  useful  in  organic  analysis,  be- 
cause it  permits  one  to  establish  the  par- 
ticular combination  of  elements  comprising  a 
given  mass  peak.  However,  many  elemental 
combinations  (Table  3)  require  resolving 
powers  even  greater  than  those  expected  to 
be  obtainable  in  analytical  high-mass  high- 
resolution  mass  spectrometers.  Thus,  the 
mass  spectral  approach  to  most  identifica- 
tion problems  must  be  made  by  a  judicious 
combination  of  one  or  more  methods  based 
upon  fragmentation  patterns,  isotopic 
abundance,  and  mass-defect  identification. 
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SURFACE  IONIZATION  METHOD 

The  surface  ionization  ion  source  for  mass 
spectroscopy  is  a  valuable  technique  for 
analyzing  elements  which  cannot  be  easily 
combined  into  volatile  chemical  compounds 
and  analyzed  by  conventional  gas  mass  spec- 
trometry.  When  material  with  ionization 


potential  I  is  deposited  on  a  filament  of 
work  function  W  and  heated  in  the  source 
region  of  a  mass  spectrometer,  there  is  a 
finite  probability  that  some  of  the  material 
will  evaporate  as  positive  ions  according  to 
the  Kingdon-Langmuir  law1 : 

F(W  -fi 
RT 


"  e' 


where  n+/n*  is  the  ratio  of  positively  charged 
to  neutral  particles  evaporated,  F  is  the 
Faraday  number,  R  is  the  gas  constant,  T  is 
the  absolute  temperature  and  e  is  the  na- 
perian  base.  M.  G.  Inghram  and  R.  J. 
Hayden2  report  compounds  of  54  elements 
which  can  be  ionized  by  this  technique.  In 
addition  to  this  list,  valuable  applications 
have  been  made  on  uranium  and  trans- 
uranium elements. 

If  the  material  to  be  analyzed  has  an 
ionization  potential  of  about  seven  volts, 
the  ionization  efficiency  from  a  tungsten  or 
tantalum  filament  is  rather  low.  This  effi- 
ciency improves  with  increased  temperature, 
but  the  sample  volatilizes  more  rapidly. 
The  operating  temperature  must  be  a  com- 
promise between  efficiency  of  ionization  and 
sample  life.  The  use  of  multiple  filaments  in 
the  source8  is  a  means  of  accomplishing  this 
compromise.  The  sample  is  deposited  on  one 
of  the  filaments  which  is  operated  at  a  tem- 
perature sufficient  to  evaporate  the  sample 
at  a  controlled  rate.  Another  filament  in  close 
proximity  to  the  sample  filament  is  operated 
at  a  higher  temperature  at  which  the  effi- 
ciency of  ionization  is  greater  for  those  mole- 
cules which  reach  the  hotter  filament.  The 
use  of  a  multiple  filament  source  and  an  elec- 
tron multiplier  for  the  detection  of  ions  in  a 
surface  ionization  mass  spectrometer  enables 
one  to  analyze  fractional  microgram  quan- 
tities of  many  elements. 

The  introduction  of  solid  samples  to  a 
mass  spectrometer  is  more  complicated  than 
introduction  of  a  gas  sample.  If  the  machine 
is  opened  to  atmosphere  while  the  sample 
filament  is  being  installed,  it  may  require 
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several  hours  to  pump  down  to  operating 
pressure.  Vacuum  locks4  have  been  devised 
for  introducing  solid  samples  without  exces- 
sive pressure  increase  in  the  spectrometer. 
The  use  of  vacuum  locks  on  single  filament 
machines  permits  pump  down  to  operating 
pressure  within  minutes  after  sample  intro- 
duction. 

Surface  ionization  mass  spectrometry  has 
an  application  in  the  isotopic  studies  related 
to  geologic,  cosmologic  and  geochronologic 
research.  It  is  a  particularly  valuable  tech- 
nique where  only  minute  quantities  of  low 
vapor  pressure  material  are  available. 

An  extensive  application  of  surface  ioniza- 
tion mass  spectrometry  is  for  the  analysis  of 
uranium  isotopes.  The  recovery  of  uranium 
from  spent  reactor  fuels  requires  isotopic  and 
total  uranium  analysis  of  samples  which 
vary  widely  in  burn-up.  The  use  of  gas  mass 
spectrometry  on  uranium  converted  to  hexa- 
fluoride  has  disadvantages  of  memory  effects 
and  large  (milligram  quantities)  sample  re- 
quirements. The  use  of  an  isotope  dilution 
method  makes  it  possible  to  determine 
uranium  concentration  and  uranium  isotopic 
analysis  on  microgram  quantities  of  highly 
radioactive  samples.  In  brief,  the  method 
consists  of  adding  a  known  amount  of  TJ288 
isotope  to  a  known  volume  of  sample,  mix- 
ing, semiquantitative  separation  of  the 
uranium  from  the  fission  products  and  other 
diverse  ions,  and  measurement  of  the  rela- 
tive abundance  of  the  uranium  isotopes  with 
a  surface  ionization  mass  spectrometer.  The 
memory  effect  with  a  single  filament  mass 
spectrometer  is  negligible  because  the  entire 
sample  filament  is  replaced  when  a  new  sam- 
ple is  introduced.  That  portion  of  sample 
which  evaporates  and  condenses  within  the 
source  region  can  give  trouble. 

Two  manufacturers  have  announced  plans 
to  market  mass  spectrometers  which  can  be 
used  for  surface  ionization  analysis: 

Consolidated  Electrodynamics  .Corp. 

Pasadena 

California 
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State  College 

Pennsylvania 

The  Pennsylvania  State  University  Min- 
eral Industries  Experiment  Station  Circular 
Number  55  is  a  compilation  of  abstracts  for 
the  years  1953-1956  relating  to  the  mass 
spectroscopic  analysis  of  solids. 
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THEORY  AND  INSTRUMENTATION 

Mass  spectrometry  deals  with  the  separa- 
tion of  gaseous  ions  of  differing  mass  and 
charge  by  the  action  of  electrical  and  mag- 
netic fields.  By  proper  selection  of  experi- 
mental conditions,  it  is  possible  to  measure 
precisely  the  mass  of  various  ions,  to  prove 
existence  of  mass  isotopes,  and  to  measure 
relative  abundance  of  ions  in  a  mixture.  Or- 
ganic molecules  produce,  under  proper  con- 
ditions, a  spectrum  of  ions  corresponding  to 
the  parent  molecule  and  most  of  the  frag- 
ments which  can  be  produced  from  it  by 
bond  rupture.  Since  mass  spectra  of  even 
closely  related  organic  molecules  are  quite 
different,  mass  spectrometry  has  become  an 
important  tool  for  analysis  of  organic  mix- 
tures in  addition  to  its  obvious  utility  in 
measuring  isotope  mass  and  abundance. 

The  mass  spectrometer  and  the  mass  spec- 
trograph,  though  based  on  the  same  princi- 
ple, are  quite  different.  The  spectrograph  is 
employed  for  precise  measurement  of  mass 
while  the  spectrometer  is  designed  to  meas- 
sure  precisely  relative  abundance  of  ions. 
Both  instruments  are  based  on  the  observa- 
tion of  "positive  rays"  by  Sir  J.  J.  Thomson 
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in  1912.  The  first  spectrometer  was  built  by 
Dempster  in  1918,  while  the  first  spectro- 
graph  was  built  by  Aston  a  year  later.  In 
the  following  25  years,  the  instruments  were 
developed  slowly  and  their  application  was 
confined  primarily  to  university  laboratories. 
Early  in  World  War  II,  the  need  for 
precise,  rapid  analyses  of  complex  hydrocar- 
bon mixtures  prompted  development  of 
several  commercial  spectrometers  suited  for 
this  specialized  application.  Since  1945,  these 
commercially  available  instruments  have 
been  developed  into  versatile  tools  for  the 
analysis  of  a  wide  range  of  organic  and  inor- 
ganic compounds.  This  widespread  applica- 
tion, has,  in  turn,  prompted  an  extensive 
search  for  other  means  of  mass  discrimina- 
tion and  for  simplified  instruments  suitable 
for  process  control  application.  Both  have 
been  successful,  and  a  number  of  new,  rela- 
tively simple  instruments  have  appeared  in 
the  past  5  years. 

In  a  mass  spectrometer,  the  sample  to  be 
studied  is  first  introduced  into  a  vacuum 
bench,  and,  by  suitable  manipulation  (in- 
cluding use  of  heat  to  vaporize  solids  and 
high-boiling  liquids)  reduced  to  a  low  vapor 
pressure.  The  vapor  is  then  passed  through 
a  beam  of  electrons,  where  ionization  occurs. 
All  possible  ionization  reactions  can  and  do 
occur,  although  the  probability  of  some  is 
much  greater  than  others.  The  molecule  as 
a  whole  may  be  ionized,  or  it  may  fragment 
in  any  possible  manner,  and  the  fragments  in 
turn,  may  be  ionized.  Molecules  or  fragments 
can  both  add  or  lose  one  or  more  electrons,  the 
loss  of  a  single  electron  being  the  most  com- 
mon reaction.  Ions  thus  produced  are  ac- 
celerated by  a  suitable  electric  field  and 
passed  into  the  magnetic  field.  A  charged 
particle  traveling  at  high  speed  follows  a 
curved  path,  the  radius  of  which  depends  on 
the  speed  of  the  particle  and  its  mass-to- 
charge  ratio  (m/e).  By  varying  either  the 
speed  of  the  particles  (by  changing  the  ac- 
celerating voltage)  or  by  changing  the  mag- 
netic field  strength,  ions  of  various  m/e  ratios 


can  be  focused  on  a  collector  plate  and  thus 
grounded.  The  current  flowing  as  a  result  is 
amplified  and  recorded  by  a  suitable  elec- 
trometer circuit.  The  resulting  plot  of  mass 
versus  ion  intensity  is  known  as  a  mass  spec- 
trum. It  is  reduced  to  a  mass  pattern  by 
dividing  each  of  the  peak  intensities  by  the 
intensity  of  the  largest  (or  base)  peak. 

No  two  molecules  behave  exactly  the  same 
on  electron  bombardment.  Even  closely  re- 
tated  molecules  or  isomers  show  some  differ- 
encesin  the  mannerin  which  the  various  bonds 
react.  Thus,  mass  spectra  can  be  used  for 
qualitative  analysis.  The  problem  of  identi- 
fication of  pure  compounds  and  some  mix- 
tures is  simplified  by  the  fact  that  most  mole- 
cules give  rise  to  some  ions  of  the  same  mass 
as  the  parent  molecule,  and  thus  the  absolute 
molecular  weight  can  be  established  directly. 
In  mixtures,  it  is  not  always  possible  to 
identify  these  "parent  mass  peaks,"  and  other 
methods  must  be  used.  From  the  study  of 
many  mass  spectra,  an  experienced  spec- 
trographer  can  form  generalities  in  behavior 
which  aid  Mm  in  predicting  the  probable 
components  in  the  sample.  The  final  identi- 
fication, as  in  most  types  of  qualitative 
analysis,  requires  direct  comparison  of  the 
spectra  of  the  known  and  unknown. 

In  quantitative  analysis,  the  problem  is 
somewhat  different.  First  of  all,  the  qualita- 
tive analysis  of  the  sample  must  be  known 
or  determined.  The  mass  spectrum  of  a  mix- 
ture is  then  simply  the  sum  of  the  spectra  of 
the  components  in  the  ratio  of  their  partial 
pressures  in  the  sample.  The  method  of  es- 
tablishing the  ratio  of  components  depends 
on  the  components  in  the  sample.  In  the 
simplest  case,  each  component  gives  rise  to 
a  characteristic  ion  not  formed  by  any  other 
component,  and  a  direct  breakdown  of  the 
mixture  is  possible.  In  the  other  extreme, 
each  component  gives  rise  to  some  of  each 
of  the  observed  mass  peaks,  and  linear  si- 
multaneous equations  are  needed  to  make 
the  analysis.  Consider  the  simple  example  of 
a  mixture  of  n-  and  iso-butane.  Here,  both 
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molecules  have  a  58  peak  due  to  the  parent 
molecule  and  a  43  peak  due  to  the  fragment 
remaining  after  the  loss  of  a  methyl  group. 


M  «  » 

where  M  is  the  peak  intensity,  a  and  6  the 
pattern  coefficients  measured  for  the  pure 
components,  and  x  and  y  the  concentrations 
of  n-  and  iso-butane,  respectively.  Solution 
of  these  equations  leads  to  the  analysis  of 
the  mixture.  There  is  no  limit,  in  theory,  to 
the  number  of  components  which  can  be 
handled  in  this  manner.  In  practice,  it  be- 
comes difficult  to  find  a  mixture  of  more  than 
8  or  10  compounds  which  can  be  effectively 
handled.  Electrical  computers  for  the  solu- 
tion of  12  linear  simultaneous  equations  are 
available  to  help  in  this  work. 

The  analysis  of  most  mixtures  is  done  by 
combining  these  two  approaches.  Some  com- 
pounds in  the  mixture  give  rise  to  character- 
istic peaks,  and  their  contributions  can  be 
subtracted  directly.  Linear  equations  may 
then  be  set  up  to  handle  the  remaining 
components.  By  suitable  combinations  of 
techniques,  twenty  or  more  components  can 
be  determined  in  a  single  mixture. 

Mass  spectrometric  analyses  are  rela- 
tively rapid,  an  hour  or  two  generally  being 
sufficient  for  the  analysis  of  a  moderately 
complicated  mixture.  Where  a  sufficient 
number  of  samples  of  a  given  type  are  being 
analyzed,  specialized  computational  facilities 
may  be  used  to  reduce  this  time  consider- 
ably. In  the  extreme  case,  the  signal  from 
the  electrometer  circuit  is  fed  directly  into 
an  electrical  computer  (rather  than  a  re- 
corder) and  the  calculation  made  directly. 
In  this  case,  the  answer  is  available  almost 
as  soon  as  the  spectral  scan  has  been  com- 
pleted. 

The  precision  and  accuracy  of  the  in- 
strument likewise  depend  on  the  type  of 
sample  being  examined.  In  general,  dbl 
mole  per  cent  can  be  achieved. 

The  mass  spectrometer  has  been  success- 
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fully  applied  to  the  analysis  of  many  differ- 
ent and  difficult  samples.  Its  most  remark- 
able successes  have  come  in  the  field  of 
petroleum  hydrocarbons,  where  the  similar- 
ity of  structure  and  the  chemical  inertness  of 
the  compounds  had  made  precise,  rapid 
analyses  by  other  techniques  difficult,  if  not 
impossible. 

The  mass  spectrometer  can  be  applied  to 
many  other  types  of  analyses.  At  least  two 
commercial  instruments  are  available  for  the 
precise  measurement  of  ratios  of  peak  in- 
tensities. This  equipment  is  used  for  follow- 
ing the  presence  of  such  tracer  elements  as 
C18  and  N15,  and  thus  plays  an  important 
role  in  medical  and  biological  research.  The 
success  of  the  mass  spectrometer  in  the  field 
of  analysis  of  volatile  components  has 
prompted  the  search  for  a  source  suitable  for 
the  ionization  of  metals.  This  has  been  done, 
although  the  technique  is  difficult.  Instru- 
ments specially  designed  for  monitoring  pro- 
cess streams  have  also  been  developed. 

R.  E.  KITSON 
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Comparison    with   Other    Mass    Spec- 
trometers 

Many  different  types  of  mass  spectrome- 
ters have  been  developed  over  the  past  sixty 
years.  To  help  explain  the  differences  be- 
tween the  Bendix  Mass  Spectrometer  and 
others,  a  brief  review  of  the  operating 
principles  of  several  kinds  of  spectrometers 
will  be  given. 

Magnetic  Deflection  Mass  Spectrome- 
ter. One  of  the  commonest  types  of  mass 
spectrometers  operates  on  the  magnetic  de- 
flection principle.  Here  separation  according 
to  mass  to  charge  ratio  occurs  when  a  beam 
of  nearly  mono-energetic  ions  enters  a  mag- 
netic field  which  is  at  right  angles  to  the 
velocity  of  the  ion.  A  continuous  beam  of 
ions  is  used,  and  the  spectrum  is  scanned  by 
varying  either  the  ion  accelerating  voltage 
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or  the  strength  of  the  magnetic  field.  Varying 
either  of  these  parameters  causes  each  of  the 
separated  m/e  ion  beams  to  pass  in  turn 
across  a  fixed  slit  in  front  of  a  collector,  the 
signals  of  which  are  amplified  and  fed  to  a 
recorder.  A  simultaneous  record  of  all  peaks 
may  be  taken  by  allowing  the  mass  sepa- 
rated and  focused  ion  beam  to  develop  a 
photographic  plate. 

Cycloidal  Focusing  Mass  Spectrome- 
ter. Crossed  electric  and  magnetic  fields  are 
utilized  by  the  cycloidal  focusing  mass  spec- 
trometer (Fig.  1).  After  initial  acceleration  in 
the  source,  the  ion  beam  enters  the  crossed 
field  region  which  causes  all  ions  to  follow 
prolate  cycloidal  paths.  The  spectrum  passes 
by  the  fixed  collector  slit  as  either  of  the  two 
crossed  fields  is  varied.  This  spectrometer 
was  first  proposed  by  Bleakney  and  Hippie 
in  19381  and  has  since  been  further  devel- 
oped2* 8  and  made  commercially  available  by 
Consolidated  Electrodynamics  Corpora- 
tion.4' 6 

R.F.  Mass  Spectrometer.  Mass  separa- 
tion in  electric  fields  alternating  at  radio 
frequencies  is  realized  in  several  spectrome- 
ters. One  of  these  is  the  Bennett  Tube  (Fig. 
2)  invented  by  Dr.  Willard  H.  Bennett  and 
first  reported  by  him  in  1950.8  Other  papers 
on  this  instrument  have  since  appeared.7'12 
After  all  ions  are  accelerated  to  the  same 
energy,  they  enter  one  or  more  radio  fre- 
quency stages  where  out-of -phase  ions  lose 
energy  and  resonant  ions  gain  energy  (the 
RF  grid  changes  polarity  relative  to  the  ad- 
jacent grids  just  as  the  resonant  ion  passes 
through  it).  The  retarding  potential  applied 
to  the  anode  repels  all  ions  except  those 
possessing  mmrinfmrn  energy.  The  ion  beam 
is  accelerated  continuously,  and  the  mass 
spectrum  is  scanned  by  varying  the  fre- 
quency of  the  alternating  voltage. 

Walt  Donner,  while  at  Beckman  Instru- 
ments in  California,  developed  another  RF 
spectrometer18'14  (Fig.  3).  The  Beckman 
Mass  Spectrometer  is  quite  similar  to  the 
Bennett  Tube,  although  the  final  energy  se- 
lection Is  done  by  deflecting  the  ions  rather 
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FIG.  1.  Schematic  of  cycloidal  focusing  mass 
spectrometer. 
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FIG.  2.  Schematic  of  Bennett  Tube. 

than  by  repelling  them.  Again  the  ion  beam 
is  continuous,  and  mass  scanning  is  done  by 
varying  frequency. 

Omegatron.  The  Omegatron  (Fig.  4), 
invented  by  Hippie,  Sommer,  and 
Thomas,16-20  uses  crossed  magnetic  and  RF 
electric  fields.  Its  operation  is  very  similar 
to  that  of  a  cyclotron,  except  in  the  Omega- 
tron the  electric  field  is  essentially  uniform 
throughout  the  ion  path  region,  whereas  the 
cyclotron  electric  field  exists  only  between 
the  two  dees.  As  in  the  two  RF  instruments 
described  above,  ion  resonance  is  used  here 
for  mass  selection.  Ions  whose  frequency  of 
rotation  coincides  with  the  frequency  of  the 
electric  field  travel  in  an  ever  expanding 
spiral,  eventually  hitting  the  collector.  The 
ion  beam  is  continuous,  and  the  electric  field 
frequency  is  varied  to  scan  the  mass  spec- 
trum. 

Magnetic  Time-of-FIight  Mass  Spec- 
trometer. Dr.  Goudsmit,  Chairman  of  the 
Physics  Department  at  Brookhaven  Na- 
tional Laboratory,  developed  a  magnetic 
time-of-flight  spectrometer  (Fig.  5)  in  which 
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FIG.  3.  Schematic  of  Beckman  RF  Mass  Spectrometer. 
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FIG.  4.  Schematic  of  Omegatron. 
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FIG.  5.  Schematic  of  magnetic  time-of-flight 
mass  spectrometer. 
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ions  are  allowed  to  complete  360  degrees  of 
rotation  in  a  uniform  magnetic  field.21  An 
early  version  of  his  instrument  operates  at  a 
repetition  frequency  of  300  cps,  and  the  ion 
beam  is  pulsed.  The  electric  field  which  ac- 
celerates the  ions  out  of  the  ion  source  drops 
to  zero  before  any  but  the  lightest  ions 
emerge,  so  that  all  heavier  ions  receive  equal 
momenta  and  therefore  follow  the  same  path 
in  the  magnetic  field.  As  the  ions  complete  a 
full  circle,  they  automatically  focus  to  form 
an  image  of  their  original  space  distribution 
in  the  ion  source,  so  both  space  f  ocusing  and 
mass  separation  are  inherent  in  Dr.  Goud- 
smit's  device.  His  instrument  is  capable  of  a 
resolution  of  one  part  in  1000  at  all  masses. 
Since  no  mass  scanning  is  used,  the  ion  signal 
amplifier  needs  a  wide  band  width  to  avoid 
widening  the  individual  ion  peaks  and 
thereby  hurting  resolution.  For  that  reason, 
an  electron  multiplier22  was  chosen  as  the  ion 
signal  detector  and  amplifier.  The  output  of 
this  multiplier  is  displayed  on  an  oscilloscope 
which  is  synchronized  with  the  spectrometer 
frequency. 

Non-Magnetic  Time-of-Flight  Mass 
Spectrometers.  Fig.  6  shows  the  essential 
features  of  a  non-magnetic  TOF  mass  spec- 
trometer. Here,  both  the  electron  beam  and 
the  ion  beam  are  pulsed,  and  all  ions  receive 
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the  same  energy.  (More  correctly,  all  ions 
with  the  same  charge  receive  the  same  en- 
ergy. In  the  following  discussion,  only  singly 
charged  ions  will  be  considered.)  The  ion 
bunch  created  at  the  beginning  of  each  cycle 
is  accelerated  into  the  field  free  drift  space 
between  the  source  and  detector.  Since  these 
ions  have  a  mass  dependent  velocity,  the 
lightest  ions  reach  the  detector  first  followed 
in  succession  by  ions  of  heavier  mass.  No 
mass  scanning  is  ordinarily  used,  so  again  an 
ion  detector  of  wide  bandwidth  is  needed. 

Cameron  and  Eggers  reported  the  first 
working  non-magnetic  TOF  mass  spectrome- 
ter in  1948.28  Their  spectrometer  contains  a 
ten  foot  drift  space  between  the  single  grid 
ion  source  and  the  detector,  and  all  ions  are 
accelerated  through  300  volts.  The  resolution 
of  their  first  experimental  device  was  poor, 
but  their  work  encouraged  others  to  investi- 
gate time-of-flight  spectrometry  more  thor- 
oughly. 

Another  TOF  mass  spectrometer,  similar 
to  the  one  built  by  Cameron  and  Eggers, 
was  reported  by  Wolff  and  Stephens  in 
1953.24  Their  one  grid  ion  source  accelerates 
all  ions  to  250  volts,  and  the  ion  flight  path 
between  source  and  detector  is  100  cm.  long. 
Discernible  adjacent  mass  separation  ex- 
tends to  about  mass  12. 

In  April  of  1955,  Katzenstein  and  Fried- 
land  reported26  their  TOF  mass  spectrometer 
in  which  the  electron  beam  is  parallel  to  the 
direction  of  ion  acceleration  as  in  the  Ben- 
nett Tube.  Several  electric  fields  are  used  in 
the  ion  source  region,  and  the  ions  possess 
an  energy  of  250  volts  during  their  100  cm. 
flight  to  the  collector.  A  grid  near  the  col- 
lector is  excited  once  each  cycle  by  a  0.1 
microsecond  negative  pulse  (the  ion  selector 
pulse).  Only  the  ions  gaining  this  extra  en- 
ergy can  pass  the  repeller  grid  placed  just 
before  the  collector.  The  mass  spectrum  is 
scanned,  thus  eliminating  the  wide  band- 
width requirements  on  their  amplifier,  by 
slowly  changing  the  time  delay  between  the 
ion  accelerating  pulse  in  the  ion  source  and 
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FIG.  6.  Schematic  of  non-magnetic  time-of- 
flight  mass  spectrometer. 

the  0.1  microsecond  ion  selector  pulse.  Their 
paper  reported  useful  adjacent  mass  resolu- 
tion beyond  mass  75. 

Bendix     Time -of -Flight     Mass     Spec- 
trometer 

Bendix  Aviation  Corporation  sponsored 
the  development  of  a  non-magnetic  time-of- 
flight  mass  spectrometer  first  reported  by 
Wiley  and  McLaren  in  December  of  1955.26 
Other  papers  on  this  instrument  have  since 
appeared.27"80  The  Wiley-McLaren  paper 
shows  how  the  experimental  resolution 
(greater  than  any  non-magnetic  mass  spec- 
trometer) agrees  closely  with  mathematical 
theory.  The  high  resolution  is  due  to  the  in- 
vention, by  W.  C.  Wiley,  of  a  new  two  grid 
ion  source  based  on  a  careful  mathematical 
study  of  the  focusing  properties  of  all  types 
of  time-of-flight  mass  spectrometers.  Bendix 
continued  to  develop  their  spectrometer, 
and  in  1957  they  made  it  commercially  avail- 
able. Fig.  7  is  a  schematic  of  this  instrument. 

Operation.  The  Bendix  Mass  Spectrome- 
ter operates  at  a  repetition  frequency  of 
10,000  cycles  per  second,  and  therefore  pro- 
duces 10,000  complete  mass  spectra  each 
second.  The  first  event  in  each  cycle  is  the 
creation  of  the  ionizing  electron  beam.  The 
electrons  axe  generated  from  an  internally 
heated  .005  inch  diameter  tungsten  wire  and 
are  normally  kept  from  entering  the  ioniza- 
tion  region  by  a  negative  bias  on  the  control 
grid.  At  the  beginning  of  each  cycle,  a  .25 
microsecond  positive  pulse  is  applied  to  the 
control  grid,  allowing  the  magnetically  col- 
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FIG.  7.  Schematic  of  Bendix  Time-of -Flight  Mass  Spectrometer. 


limated  electron  beam  to  pass  through  the 
ionization  region.  The  energy  of  the  electron 
beam  is  determined  by  the  difference  be- 
tween the  D.C.  potential  on  the  filament  and 
the  ground  potential  on  the  second  grid  of 
the  electron  gun.  Therefore,  the  filament  po- 
tential determines  the  electron  energy,  which 
is  variable  between  0  and  100  volts.  During 
ionization,  all  elements  surrounding  the 
ionization  chamber  are  at  ground  potential. 
Immediately  after  the  electron  beam  is 
turned  off,  the  first  grid  in  the  ion  gun  is 
pulsed  to  about  —270  volts,  and  this  pulse 
remains  long  enough  (2.5  microseconds)  for 
all  ions  of  interest  to  pass  through  this  grid 
into  the  accelerating  region  of  the  source. 
Here  they  are  accelerated  by  a  2800  volt 
potential  on  the  ion  energy  grid.  This  final 
grid  in  the  ion  gun  is  about  1.6  centimeters 
away  from  the  electron  beam,  and  the  ion 
detector  is  about  100  centimeters  further 
down  the  tube.  These  parameter  values  give 
a  time  of  flight  in  microseconds  which  is 
roughly  equal  to  the  square  root  of  2m/e, 
where  m  is  the  mass  of  the  ion  in  atomic  mass 
units  and  e  is  the  ion's  charge  in  electron 
charges.  Mass  separation  results  only  from 
the  mass  dependent  velocities;  no  electric  or 
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magnetic  fields  are  used  to  enhance  separa- 
tion. 

If  the  ions  before  pulsing  were  at  rest  and 
all  in  a  plane  parallel  to  the  electrodes,  al- 
most any  method  of  ejecting  them  from  the 
source  would  provide  infinite  mass  resolu- 
tion, regardless  of  the  total  length  of  the 
flight  path.  The  resolving  power  of  the  in- 
strument is,  therefore,  a  measure  of  the 
ability  of  the  source  to  deliver  the  ions  of 
one  mass  to  charge  ratio  to  the  detector  in  a 
sharp  pulse,  even  though  the  ions  will  in- 
evitably vary  in  initial  position  and  velocity. 
The  effect  of  variations  in  the  initial  position 
of  the  ion  can  be  reduced  by  taking  ad- 
vantage of  the  fact  that  those  ions  farther 
away  from  the  —270  v.  grid  fall  through  a 
larger  potential  during  the  ion-ejection 
period  than  do  those  nearer  this  grid.  The 
trailing  ions  will,  therefore,  acquire  a  greater 
velocity  and  will  eventually  overtake  those 
in  front.  A  proper  adjustment  of  the  fields 
in  the  ionizing  and  accelerating  regions, 
made  by  varying  the  height  of  the  ion-eject- 
ing pulse,  causes  the  "crossover  point"  for 
all  ion  peaks  to  occur  as  they  pass  into  the 
ion  signal  detector  (electron  multiplier). 
The  harmful  effect  of  initial  ion  velocities 
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on  the  resolution  of  a  time-of -flight  spec- 
trometer can  be  reduced  in  two  ways:  1) 
the  final  velocity  of  the  ions  can  be  made 
large  relative  to  their  initial  velocities;  2) 
the  time  during  which  the  ions  are  traveling 
with  their  final  velocities  can  be  made  large 
compared  with  the  total  time  of  flight.  The 
latter  method  has  the  effect  of  increasing  the 
average  velocity  of  the  ions  during  their 
total  flight  time  relative  to  their  initial 
velocities.  The  high  resolution  produced  by 
the  Bendix  spectrometer  compared  with 
other  tinxe-of -flight  instruments  is  in  large 
measure  due  to  its  ability  to  give  the  ions  a 
high  average  velocity  without  using  pro- 
hibitively high  voltages  or  requiring  a  speed 
of  response  in  the  ion  detector  and  output 
system  beyond  present  electronic  art. 

A  mathematical  treatment  of  the  focusing 
action  of  this  spectrometer  can  be  found  in 
the  article  by  Wiley  and  McLaren.26 

Magnetic  Electron  Multiplier.  A  mag- 
netic electron  multiplier,  which  operates  in 
crossed  electric  and  magnetic  fields,  was 
chosen  as  the  ion  signal  detector  and  ampli- 
fier for  four  reasons: 

(1)  It  permits  the  use  of  a  plane  ion  cath- 
ode which  eliminates  the  ion  transit  time 
variations  encountered  with  the  curved  ion 
cathode  of  the  conventional  electrostatic 
multiplier. 

(2)  Only  this  type  of  multiplier  provides 
the  necessary  bandwidth  conveniently-  Each 
mass  signal  is  less  than  50  millimicroseconds 
wide  at  its  base,  and  a  bandwidth  consider- 
ably above  20  megacycles  is  needed  to  pre- 
serve this  pulse  shape. 

(3)  The  extremely  wide  bandwidth  of  this 
multiplier  (D.C.  to  500  megacycles)  permits 
many  stages  of  multiplication  to  be  used 
without  influencing  resolution,  thereby  per- 
mitting a  low  gain  per  stage.  This,  in  turn, 
allows  the  use  of  chemically  stable  multi- 
plying surfaces  which  can  be  exposed  to  air 
and  washed  without  affecting  the  secondary 
emission  ratio. 

(4)  It  is  possible  to  switch  the  electron 


beam  inside  the  multiplier  from  one  anode 
to  another  very  swiftly.  Switching  times  be- 
tween 5  and  10  millimicroseconds  are  com- 
mon, permitting  effective  isolation  of  signals 
corresponding  to  particular  masses. 

Wiley  devised  a  new  design  for  this  multi- 
plier involving  two  pieces  of  resistive  glass, 
each  about  5  x  1 J^  x  y±  inches.  The  resistive 
coating  is  thin  but  very  tenacious,  both 
chemically  and  physically,  permitting  con- 
ventional chemical  cleaning  as  well  as  non- 
gritty  abrasive  cleaning  (pencil  eraser, 
finger  nail  or  Bon-Ami).  Exposure  to  wet  air 
has  no  observable  effect  on  multiplying 
power, 

Oscilloscope  Output.  The  voltage  wave- 
form (mass  spectrum)  produced  by  the  mul- 
tiplier is  displayed  on  an  oscilloscope  syn- 
chronized with  and  triggered  by  the  mass 
spectrometer.  Any  portion  of  the  mass  spec- 
trum can  be  viewed  in  any  desired  detail  by 
adjusting  the  horizontal  sweep  speed  controls 
on  the  oscilloscope  and  the  continuously 
variable  delay  on  the  spectrometer  between 
the  ion  accelerating  pulse  and  the  oscillo- 
scope trigger. 

Resolution.  Figure  8  shows  the  mass 
spectrum  of  xenon  displayed  on  an  oscillo- 
scope which  illustrates  the  resolution  attain- 
able with  this  instrument. 

Other  resolution  measurements  show  that 
the  oscilloscope  trace  between  mass  200  and 
201  reaches  the  baseline,  that  there  is  a  10  % 
peak  height  interference  between  equal  peaks 
at  mass  422  and  423,  and  that  the  theoretical 
half  height  width  of  mass  600  is  equal  to  the 
adjacent  mass  separation.  The  mass  range  of 
the  spectrometer  extends  from  0  to  about 
5000  a.m.u.,  since  the  time-of-flight  of  mass 
5000  is  about  100  microseconds,  the  spec- 
trometer's period.  If  ions  having  a  mass  of 
6000  a.m.u.,  for  instance,  were  created  dur- 
ing one  cycle,  they  would  arrive  at  the  multi- 
plier during  the  next  succeeding  cycle,  pro- 
ducing overlapping  spectra.  Such  heavy  ions 
are  difficult  to  produce  in  a  mass  spectrome- 
ter, however,  and  the  practical  mass  range 
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FIG.  8.  Oscilloscope  presentation  of  xenon  spectrum  obtained  with  Bendix  Time-of -Flight  Mass 
Spectrometer.  Masses,  from  left  to  right,  128,  129,  130,  131,  132,  134  and  136  a.m.v. 


of  the  Bendix  Mass  Spectrometer  can  be  said 
to  be  unlimited. 

Sensitivity.  Until  recently,  the  absolute 
sensitivity  of  the  commercial  version  of  the 
Bendix  Mass  Spectrometer  had  been  such 
that  an  argon  partial  pressure  of  about  2  X 
10~*  mm  Hg  in  the  ionization  region  pro- 
duced, on  the  average,  about  one  detected 
argon  ion  at  the  output  each  cycle,  or  10,000 
ions  per  second.  Design  and  operating 
changes  in  the  electron  gun  have  recently 
become  available  which  increase  absolute 
sensitivity  up  to  30  times.  There  are  (1)  a  4- 
fold  increase  in  the  cross  sectional  area  of 
the  electron  beam  (with  a  resulting  15  %  re- 
duction in  resolution),  (2)  operation  of  the 
electron  gun  near  saturation,  and  (3)  a  5-fold 
increase  in  the  time  duration  of  the  control 
grid  pulse  (the  positive  going  pulse  that 
gates-on  the  electron  beam).  These  changes 
give  an  absolute  sensitivity  of  the  commer- 
cial instrument  such  that  one  detected  argon 
ion  at  the  output  each  cycle,  or  10,000  ions 
each  second,  are  produced  for  an  argon  par- 
tial pressure  in  the  ion  source  of  about 
7  X  10-10  mm  Hg. 

The  relative  sensitivity  of  this  instrument 
is  such  that  5  parts  per  million  of  tin  has 
been  seen  in  a  sample  evaporated  in  a  vac- 
uum furnace,  and  also  2.5  ppm  of  phenyl 
ethyl  chloride  in  phenyl  ethyl  alcohol.  The 
theoretical  limit  on  relative  sensitivity  in  a 
mass  spectrometer  is  given  by  the  difference 
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between  the  largest  ion  signal  that  can  be 
detected  compared  to  the  noise  in  the  out- 
put system.  The  Bendix  mass  spectrometer, 
equipped  with  the  electron  gun  modifica- 
tions listed  above,  can  produce  an  ion  peak 
at  mass  28  which  contains  upwards  of  1000 
ions  each  cycle.  The  limiting  noise  in  the 
output  system  is  given  by  the  electron  mul- 
tiplier, which  produces  about  one  ion-type 
noise  pulse  every  100  seconds,  or  one  ion- 
type  pulse  every  one  million  cycles.  This 
corresponds  to  an  argon  partial  pressure  in 
the  ion  source  of  7  X  10~16  mm  Hg.  This 
theoretical  relative  sensitivity  of  1010  is  re- 
duced in  practice  by  the  residual  atmosphere 
in  the  vacuum  system. 

Recording  Output  System.  The  ac- 
curacy of  the  time-of-flight  mass  spectrome- 
ter was  improved  considerably  by  the  de- 
velopment of  a  recording  output  system  by 
Bendix  in  1958.  The  key  element  in  this  re- 
cording output  system  is  a  new  version  of 
the  Wiley  Electron  Multiplier  utilizing  its 
fast  beam  switching  ability.  A  common 
version  of  this  multiplier  is  shown  schemati- 
cally in  Figure  9. 

The  electron  beam  within  the  multiplier 
ordinarily  collects  on  the  oscilloscope  anode, 
but  when  a  gating  pulse  is  applied  to  either 
Gl  or  G2,  the  beam  is  collected  on  the  corre- 
sponding anode  for  the  duration  of  the  gat- 
ing pulse.  This  is  ordinarily  no  longer  each 
cycle  than  the  duration  of  one  mass  signal 
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FIG.  9.  Schematic  of  recording  output  system  for  Bendix  Time-of -Flight  Mass  Spectrometer. 


(about  .05  microsecond).  Mass  peaks  are 
selected  by  choosing  appropriate  values  of 
delay  on  each  channel.  If  these  delays  re- 
main constant,  a  mass  ratio  of  two  peaks  is 
recorded.  If  the  delay  of  one  channel  (the 
"scanner"  channel)  changes  steadily  at  a 
rate,  for  instance,  of  one  mass  decade  every 
15  seconds,  that  channel  records  a  mass 
spectrum  which  is  continuously  compared 
with  the  peak  selected  by  the  other  channel 
(the  "controller"  channel).  The  output  from 
the  controller  channel  can  be  fed  back  nega- 
tively to  the  multiplier  gain  control  in  such 
a  way  as  to  maintain  that  output  at  a  con- 
stant value.  This  means  the  scanner  chan- 
nel's output  is  continuously  compared  to  a 
constant  value,  permitting  the  use  of  a  single 
channel  recorder  while  preserving  the  ad- 
vantage of  a  ratio  output.  This  advantage  is 
that  changes  in  any  spectrometer  variable 
which  affect  all  mass  peaks  proportionally, 
such  as  ion  source  pressure,  have  virtually 
no  effect  on  peak  ratios. 

Recorded  Spectra.  Figure  10  shows  the 
mercury  spectrum  produced  by  this  record- 
ing output  system.  The  voltage  signal  from 
only  one  gated  multiplier  anode  was  fed  to 
both  amplifiers  of  the  two  channel  recorder. 
These  amplifiers  were  adjusted  to  give  a 
factor  of  ten  gain  difference  between  them, 
producing  the  two  channel  presentation  of 


mercury.  The  resolution  displayed  by  the 
recording  is  not  as  good  as  that  shown  on  the 
oscilloscope  since  the  voltage  gate  in  the 
electron  multiplier  has  a  finite  width.  Fig- 
ures 11  through  15  show  various  portions  of 
the  mass  spectrum  of  Minnesota  Mining  and 
Manufacturing  Compound  FC-75.  In  com- 
mon with  most  halogens,  the  parent  peak, 
mass  416,  is  missing  in  this  positive  ion 
spectrum.  The  prominent  peak  at  mass  397 
results  from  one  fluorine  atom  being  broken 
away  from  the  parent  molecule  during  ioni- 
zation.  This  CsFwO  compound  is  an  excellent 
mass  marker  for  mass  identification  work, 
since  it  not  only  has  many  known  masses 
out  to  397  atomic  mass  units,  but  it  is  also 
easily  introduced  into  the  mass  spectrometer 
and  easily  pumped  away  after  introduction. 
Its  viscosity  and  appearance  are  very  similar 
to  those  of  water  at  room  temperature  (for- 
tunately, it  can  be  pumped  out  of  a  vacuum 
system  more  easily  than  water),  and  it  boils 
at  about  150  degrees  centigrade  under  stand- 
ard temperature  and  pressure. 

Other  Developments.  In  addition  to  the 
recording  output  system  described  above, 
Bendix  has  developed  their  original  time-of- 
flight  mass  spectrometer  in  other  directions. 
These  developments  may  be  divided  into 
three  groups:  Sample  inlets,  vacuum  sys- 
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Bendix 

FIG.  10.  Mercury  isotopes  as  scanned  on  Bendix 
Time-of-Flight  Mass  Spectrometer.  Masses,  from 
left  to  right,  196,  198,  199,  200,  201,  202  and  204 
a.m.v. 
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Bendix  Mass  Spectrometer,  Cincinnati  Div.,  The  Bendix  Corp. 

FIG.  16.  Sample  inlet  systems.  Sample  inlet  tube. 

terns,  and  ion  source  operation.  Each  of 
these  areas  will  be  discussed  in  turn. 

Sample  Inlets 

Sample  Pipe  Inlet — Molecular  Beam 
Inlet  System.  The  simplest  and  most 
straight  forward  way  of  introducing  a  sample 
into  a  mass  spectrometer  is  through  a  small 
pipe  or  tube  which  passes  through  the  vac- 
uum wall  of  the  spectrometer  to  the  ioniza- 
tion  region  of  the  ion  source.  Fig.  16  pictures 
the  ^{6-inch  diameter  stainless  steel  tube 
used  to  introduce  samples  which  have  suffi- 
ciently high  vapor  pressures.  A  molecular 
leak  inlet  system  has  been  developed  for  this 
sample  pipe  inlet. 
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Molecular  Beam  Inlet.  One  of  the  two 

line-of-sight  inlets  is  shown  in  Fig.  17.  One 
important  use  for  this  inlet  is  the  analysis  of 
molecular  beams,  such  as  those  produced  by 
evaporating  solids  inside  the  vacuum  system 
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FIG.  17.  Sample  inlet  systems:  molecular  beam 
inlet  plus  inlet  tube. 


of  the  mass  spectrometer.  This  sample  in- 
troduction method  is  needed  to  analyze 
materials  having  vapor  pressures  too  low 
for  gas  handling  systems.  Another  use  for 
this  line-of-sight  inlet  is  the  introduction  of 
other  ionizing  beams  such  as  a  light  beam 
from  a  vacuum  monochromator. 

Hot  Filament  Inlet  System.  Two  meth- 
ods have  been  developed  for  introducing 
and  vaporizing  solids,  one  of  which  is  the 
hot  filament  sample  inlet  system,  Fig.  18. 
This  system  consists  primarily  of  a  tantalum 
ribbon  filament  attached  by  screw  clamps 
and  insulated  standoffs  to  the  end  of  a 
smooth  piston  which  operates  through  a 
vacuum  lock  arrangement.  The  sample  to 
be  analyzed  is  placed  on  the  trough  shaped 
filament,  the  piston  is  introduced  into  the 
spectrometer  through  the  vacuum  lock  which 
is  fastened  to  the  bottom  port  shown  in  Fig. 


FIG.  18.  The  Bendix  hot-filament  inlet  system,  Model  B-106. 
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FIG.  19.  Knudsen  cell  sample  system  for  the  Bendix  Time-of -Flight  Mass  Spectrometer. 


17,  and  the  filament  is  heated  by  applying 
a  variable  voltage  across  it.  The  resulting 
vapor  is  then  collimated  so  it  will  pass 
through  the  ion  source  without  hitting  any 
ion  source  elements,  thereby  keeping  the 
source  as  clean  as  possible. 

A  new  filament  is  ordinarily  used  for  each 
sample,  and  these  filaments  are  enough  iden- 
tical to  permit  one  temperature  calibration 
to  serve  for  all.  As  long  as  the  temperature 
of  these  filaments  is  kept  below  500°C  their 
temperature  can  be  determined  to  within 
25  degrees  by  measuring  the  applied  cur- 
rent. In  addition  to  analyzing  low  vapor 
pressure  materials,  this  hot  filament  sample 
inlet  system  can  be  used  for  other  applica- 
tions such  as  molecular  weight  determina- 
tions and  thermal  degradation  studies. 

Knudsen  Cell  Inlet  System.  Another 
sample  system  for  analyzing  solids  which  has 
been  developed  for  the  Bendix  Time-of- 
Flight  Mass  Spectrometer  is  patterned  after 
the  Knudsen  cell,  which  is  a  crucible  en- 
tirely enclosed  except  for  a  small  hole 
through  the  top.  This  permits  equilibrium 
to  exist  between  the  solid  charge  and  its 
vapor.  When  used  as  a  sample  inlet  system 
(see  Fig.  19),  the  Knudsen  cell  is  inserted 
into  the  spectrometer  vacuum  system 
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through  the  bottom  port  of  Fig.  17  and  is 
heated  by  electron  bombardment  to  tem- 
peratures up  to  and  above  2200  degrees  cen- 
tigrade. The  collimating  slits  prevent  the 
emitted  vapor  from  hitting  and  dirtying  ion 
source  elements.  This  Knudsen  cell  sample 
system  can  be  used  for  the  same  applications 
as  the  hot  filament  sample  system  described 
above,  as  well  as  for  vapor  pressure  vs. 
temperature  studies  and  investigations  of 
vapors  which  are  in  equilibrium  with  their 
solids.  One  study  using  a  Knudsen  cell  sam- 
ple system  will  be  described  later  in  this 
article. 
Pinhole  Inlet.  Fig.  20  shows  the  pinhole 
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FIG.  20.  Sample  inlet  systems:  fast  reaction 
pinhole  inlet  plus  inlet  tube. 
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inlet  system  designed  especially  for  the  study 
of  fast  reactions  occurring  at  pressures  below 
atmospheric.  Fast  reaction  studies  are  made 
possible  because  10,000  complete  mass  spec- 
tra are  created  each  second,  and  because  the 
ions  for  each  spectra  are  created  in  y±  micro- 
second. The  pinhole  inlet  is  situated  imme- 
diately behind  the  ionizing  electron  beam  so 
that  intermediate  reaction  products  can  be 
ionized  as  soon  after  their  creation  as  pos- 
sible, and  also  so  that  ionization  can  take 
place  where  the  sample  stream  pressure  is 
still  relatively  high.  A  pinhole  inlet  whose 
diameter  is  no  smaller  than  the  thickness  of 
the  gold  foil  assures  that  a  Tninimnm  of  the 
particles  passing  through  the  pinhole  will 
suffer  wall  collisions.  Such  wall  collisions  are 
undesirable  because  the  particles  analyzed  in 
such  work  are  ordinarily  highly  reactive. 

For  flash  photolysis  studies,  the  reaction 
chamber  can  be  capped  by  a  suitable  window 
through  which  the  light  beam  can  pass.  In 
this  case,  the  reactant  gas  is  introduced  to 
the  reaction  chamber  through  the  bottom 
tube.  Analyses  of  shock  waves  inside  a  shock 
tube  can  be  made  with  this  inlet  by  building 
the  shock  tube  in  such  a  way  that  the  reac- 
tion chamber  is  an  extension  of  the  shock 
tube  itself.  With  such  an  arrangement,  the 
pinhole  inlet  samples  the  center  of  the  shock 
wave,  and  the  disturbing  effects  caused  by 
the  shock  tube  walls  are  largely  eliminated. 

When  the  pressure  of  the  fast  reaction  to 
be  analyzed  is  over  atmospheric,  a  differ- 
entially pumped  inlet  system  is  required. 
The  purpose  of  such  a  system  is  to  reduce 
the  pressure  of  the  incoming  sample  stream 
to  molecular  beam  proportions  as  quickly  as 
possible.  Such  a  differentially  pumped  inlet 
system  can  be  attached  to  either  of  the  line- 
of-sight  inlets  shown  in  Figs.  17  and  20,  but 
the  molecular  beam  inlet  (Fig.  17)  is  the 
more  common  choice.  When  used  for  differ- 
ential pumping  (and  also  for  photoionization 
using  a  vacuum  monochromator),  the  axis  of 
the  side  ports  is  usually  made  horizontal 
rather  than  vertical  as  Fig.  17  shows. 


Three  Inlets  Combined.  The  open  ge- 
ometry permitted  by  the  time-of-flight  prin- 
ciple allows  all  three  sample  inlet  systems 
to  be  combined  into  one  instrument,  as 
shown  in  Fig.  21. 

Vacuum  Systems 

Smaller  Vacuum  System.  Fig.  22  illus- 
trates the  smaller  of  the  two  vacuum  systems 
developed  for  this  instrument.  The  length 
of  the  horizontal  tube  is  determined  by  the 
100-cm.  flight  path  between  ion  source  and 
electron  multiplier.  Mercury  diffusion  pumps 
have  been  chosen  for  all  standard  models  of 
the  time-of-flight  mass  spectrometer  to  avoid 
the  extensive  background  spectrum  given  by 
oil  pumps. 

Fast  Reaction  Vacuum  System.  The 
vacuum  system  designed  expressly  for  fast 
reaction  work  and  the  pinhole  inlet  (Fig. 
20)  is  shown  in  Fig.  23.  The  original  design 
for  this  vacuum  system  was  made  by  G.  B. 
Eistiakowsky  for  a  mass  spectrometer  built 
by  him  and  by  P.  H.  Kydd  which  operates 
on  the  Bendix  time-of-flight  principle.  His 
instrument  has  been  used  for  flash  photoly- 
sis studies  as  well  as  for  the  analysis  of  shock 
tube  waves,  as  described  later. 

There  are  several  requirements  that  must 
be  fulfilled  for  satisfactory  mass  spectro- 
metric  analysis  of  fast  reactions.  These  re- 
quirements stem  from  the  highly  reactive 
character  of  the  particles  being  analyzed. 


Bendix  Mass  Spectrometer,  Cincinnati  £*>.,  The  Bendix  Corp. 

FIG.  21.  Sample  inlet  systems:  fast  reaction 
pinhole  inlet,  plus  molecular  beam  inlet,  plus  sam- 
ple inlet  tube. 
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First,  the  sample  must  be  introduced  in  a 
fashion  to  minimize  wall  collisions,  and  there 
must  be  a  T^inirrmTr)  number  of  collisions  be- 
tween particles  before  ionization.  The  pinhole 
inlet  described  above  is  an  attempt  to  satisfy 
these  needs.  Another  requirement  is  low  back- 
ground. Background  gas  in  this  case  includes 
not  only  products  from  the  diffusion  pump 
and  gases  originating  in  the  walls  of  the  vessel, 
but  also  any  molecules  which  have  gone 
through  the  sample  inlet  and  have  rebounded 
against  a  surface  at  least  once.  To  achieve 
these  requirements,  a  large,  fast,  and  well 
trapped  diffusion  pump  is  used  plus  a  large 
evacuated  region  immediately  beyond  the  ion 
source.  In  addition,  the  all  stainless  steel 
high  vacuum  region  uses  aluminum81  and  gold 
gaskets  throughout,  so  standard  bakeout 
techniques  can  be  used.  The  purpose  of  this 
design  is  not  only  to  reduce  background  gases 
originating  in  the  pump  and  the  walls,  but 
also  to  insure  that  the  great  majority  of 
particles  passing  through  the  ion  source  the 
first  time  will  be  lost  to  the  pump  rather 
than  return  to  the  source. 

Fig.  24  indicates  the  form  taken  by  the 
Model  14  vacuum  system  when  all  three 
sample  inlet  systems  are  present. 


Ion  Source  Operation 

Pulsed — Positive  and  Negative  Ions. 

The  first  ion  source  designed  for  the  Bendix 
Time-of-Flight  Mass  Spectrometer  is  shown 
in  Fig.  7.  Ions  are  produced  by  a  pulsed  elec- 
tron beam,  and  immediately  after  their 
creation,  the  positive  ions  are  accelerated 
out  of  the  ion  source  by  means  of  the  nega- 
tive going  voltage  pulse  applied  to  the  first 
grid.  This  two  grid  ion  source  can  also  ac- 
celerate negative  ions  into  the  drift  path  for 
analysis.  For  this,  positive  biases  are  applied 
to  the  ion  gun  and  the  negative  going  voltage 
pulse  is  applied  to  the  backing  plate. 

Ion  Trapping — Positive  and  Negative 
Ions.  The  three  grid  ion  gun  shown  in  Figure 
25  makes  it  possible  to  analyze  ions  created 
by  continuous  ionizing  beams  or  ions  created 
outside  the  mass  spectrometer.  The  voltage 
pulses  are  applied  to  the  grids  once  every  100 
microseconds;  at  other  times  the  indicated 
biases  are  present.  Consider  a  positive  ion 
which  has  been  introduced  into  the  ion 
source  as  part  of  a  sample.  Since  the  trap- 
ping grid  is  more  negative  than  either  the 
focus  grid  or  the  backing  plate,  the  positive 
ion  will  oscillate  back  and  forth  through  the 
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trapping  grid  until  it  either  looses  its  charge 
to  the  grid,  or  until  the  negative  going  volt- 
age pulses  are  applied  to  the  source.  When 
the  pulses  are  applied,  the  positive  ions  to 
the  right  of  the  trapping  grid  are  accelerated 
out  of  the  source  and  are  analyzed  in  the 
usual  way.  However,  the  positive  ions  to  the 
left  of  this  grid  are  accelerated  to  the  back- 
ing plate  and  are  lost.  Also,  any  positive 
ions  introduced  to  the  ion  source  while  the 
voltage  pulses  are  being  applied  are  also  lost 
on  the  backing  plate.  As  Fig.  25  shows,  nega- 
tive ions  as  well  as  positive  ions  can  be 
analyzed  in  this  fashion. 

A  continuous  electron  beam  is  provided 
for  this  mode  of  operation,  but  its  use  is 
generally  limited  to  setting  the  spectrometer 
up  for  the  particular  experiment  being  run. 
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FIG.  25.  Ion  source  for  analyzing  either  + 
or  —  ions  created  either  inside  or  outside  the  mass 
spectrometer. 
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Bendix  Mass  Spectrometer,  Cincinnati  JDw.,  The  Bendix  Corp. 

FIG.  26.  Ion  source  S-14-107  combines:  1.  Sam- 
ple inlet  tube;  2.  Molecular  beam  inlet;  3.  Fast  re- 
action pinhole  inlet  with  the  ability  to  analyze: 
a.  Either  -f-  or  —  ions;  b.  Ions  created  either  inside 
or  outside  the  mass  spectrometer. 
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If  electron  beam  ionization  can  be  used, 
there  is  no  point  in  operating  the  source  in 
the  trapping  grid  fashion.  This  three  grid 
operation  reduces  resolution  by  about  10  %. 
There  are  three  variable  biases  to  contend 
with  (although  these  are  not  sensitive  in 
their  adjustment),  and  the  sensitivity  of  the 
instrument  is  not  materially  improved.  For 
these  reasons,  Bendix  has  made  it  possible 
for  any  of  their  three  grid  ion  sources  to  run 
in  the  two  grid,  pulsed  electron  beam  fashion 
by  providing  external  switches  and  plugs 
which  convert  the  source  in  the  following 
manner:  the  ion  energy  grid  and  ion  focus 
grid  are  both  connected  to  the  2.8  kilovolt 
ion  energy  potential,  a  single  negative  going 
voltage  pulse  is  delivered  either  to  the  ion 
trapping  grid  or  the  backing  plate  depending 
upon  the  polarity  of  the  ions  being  analyzed, 
and  the  electron  gun  is  converted  to  pulsed 
operation.  Also,  all  variable  biases  are  re- 
moved from  the  ion  gun. 

Most  Versatile  Ion  Source.  Fig.  26  il- 
lustrates the  most  versatile  Bendix  ion 
source.  Such  a  source  could  be  used  for  com- 
bustion analysis,  for  example.  When  ions 
created  outside  the  mass  spectrometer  are 
analyzed,  a  magnetic  field  in  the  ion  source 
region  is  undesirable,  since  ions  traveling 
with  only  thermal  energies  will  be  deflected 
away  from  the  path  through  the  sample  inlet 
pinhole  and  the  collimating  slits.  This 
trouble  can  be  especially  serious  if  a  differ- 
entially pumped  inlet  system  is  used,  since 
this  would  add  more  optically  in-line  holes 
and  slits  for  the  sample  particles  to  traverse. 
The  Bendix  ion  source  uses  a  150  gauss  per- 
manent magnet  to  collimate  the  ionizing 
electron  beam,  and  this  magnet  can  either 
be  removed  or  converted  to  an  electromagnet 
for  the  analysis  of  ions  created  outside  the 
mass  spectrometer. 

Applications 

Over  60  time-of-flight  mass  spectrometers 
are  now  being  used  for  a  variety  of  applica- 
tions throughout  the  world.  The  type  of 
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work  being  done  with  this  instrument  is 
illustrated  by  the  representative  applications 
described  briefly  below. 

Chromatograph  Effluent  Identifica- 
tion. One  of  the  earliest  and  most  common 
uses  for  the  time-of-flight  mass  spectrometer 
is  the  identification  of  the  separated  compo- 
nents emerging  from  a  vapor  phase  chro- 
matograph.  The  improvement  in  the  sepa- 
rating power  of  a  chromatograph  produced 
by  variations  in  the  column  material,  column 
length,  column  temperature,  and  the  pres- 
sure and  flow  rate  of  the  carrier  gas  is  a 
subject  of  intensive  and  continuing  study. 
Unfortunately,  the  common  method  used  for 
identifying  the  pure  compounds  emerging 
from  the  column,  the  measurement  of  reten- 
tion times,  is  not  compatible  with  this  de- 
sirable variation  in  operating  conditions, 
since  the  retention  time  itself  is  greatly 
affected  by  such  variations.  This  greatly  re- 
duces the  flexibility  of  the  chromatograph, 
and  makes  desirable  an  independent  method 
of  identifying  the  emerging  pure  compounds. 

Such  an  independent  method  of  identifica- 
tion is  provided  by  the  mass  spectrometer, 
which  has  been  used  with  success  by  many 
workers  in  the  field.  When  the  Bendix  Spec- 
trometer is  used  in  this  way,  it  is  not  neces- 
ary  to  isolate  each  emerging  compound  in 
its  own  sample  bottle  for  later  admission  to 
the  spectrometer,  except  for  materials  with 
very  low  vapor  pressures.  A  small  fraction 
of  the  emerging  gas  is  fed  directly  into  the 
spectrometer  through  a  needle  valve.  The 
rest  of  the  effluent  passes  into  the  atmos- 
phere through  a  hole  in  the  valve  housing. 
As  each  separated  unknown  emerges,  its 
unique  spectrum  rises  and  falls  on  the  oscillo- 
scope screen,  affording  immediate  identifica- 
tion in  most  cases.  If  it  is  desired  to  produce 
a  permanent  record  of  the  mass  spectra, 
photographs  can  be  taken  of  the  oscilloscope 
trace  or  a  fast  recorded  spectrum  (15  sec- 
onds) can  be  made.  The  relative  abundance 
of  the  components  can  be  determined  by 
utilizing  a  conductivity  cell  in  the  conven- 


tional manner.  R.  S.  Gohlke  of  the  Dow 
Chemical  Company  pioneered  this  applica- 
tion of  the  time-of-flight  mass  spectrometer, 
and  an  account  of  his  work  is  in  the  litera- 
ture.28 

Solids  Analysis.  Two  experiments  that 
illustrate  solids  analysis  using  the  molecular 
beam  inlet  (Fig.  17)  have  been  conducted  at 
Argonne  National  Laboratory.  One  experi- 
ment82 had  as  its  goal  the  derivation  of  the 
thennodynamic  properties  of  solid  and  gase- 
ous uranium  monosulfide  (US).  This  deriva- 
tion was  based  on  data  supplied  by  several 
instruments,  one  of  which  was  the  time-of- 
flight  mass  spectrometer.  A  Knudsen  cell 
sample  inlet  system  was  used  with  the  spec- 
trometer to  vaporize  US.  The  resulting  mass 
spectrum  showed  the  presence  of  gaseous  U, 
S,  and  US  (not  just  gaseous  US),  and  the 
sizes  and  ratios  of  these  mass  peaks  as  a 
function  of  Knudsen  cell  temperatures  up 
to  2200°  C  comprised  the  mass  spectrometer 
data  used  for  their  derivation. 

The  other  experiment88  was  designed  to 
determine  the  thennodynamic  properties  of 
tungsten  oxides,  such  as  dissociation  ener- 
gies, heats  of  vaporization,  and  vapor  pres- 
sures vs.  temperature.  A  Knudsen  cell  sam- 
ple inlet  system  was  again  used.  Chemical 
analysis  of  the  particular  solid  tungsten  ox- 
ide studied  mass  spectrometrically  gave  the 
formula  W02.96  •  The  mass  spectrum  of 
gaseous  tungsten  oxide  in  equilibrium  with 
the  solid  state  showed  the  presence  of  W02 , 
W08,  W2O5,  (W08)2,  W808,  (WO8)8, 
(WO8)4 ,  and  (W08)8 .  The  heaviest  mole- 
cule in  this  vapor  weighed  1170  atomic  mass 
units.  The  presence  of  molecules  with  an 
oxygen-to-tungsten  ratio  less  than  three  was 
expected  because  of  the  composition  2.96, 
but  the  corresponding  ions  could  have  been 
formed  by  the  ionizing  electron  beam  break- 
ing one  oxygen  atom  away  from  W08, 
(W08)2,  and  (W08)8 .  To  determine  the 
origin  of  these  ions,  the  energy  of  the  elec- 
tron beam  was  continuously  reduced  from 
the  usual  70  electron  volts  to  20  volts.  The 
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ratio  of  Wa08  against  (WOs)s  did  not  change 
during  this  electron  energy  reduction,  but 
the  ratio  of  W20$  against  (W08)s  began  to 
change  at  about  40  e.v.,  and  at  25  e.v.  no 
ions  were  even  detected.  The  WO*  and 
peaks  behaved  in  a  similar  manner. 
These  results  showed  that  WaOs  was  formed 
by  thermal  decomposition  in  the  Knudsen 
cell,  while  the  masses  corresponding  to  W02, 
W08 ,  and  WaOs  were  results  of  fragmenta- 
tion by  the  electrons  in  the  ion  source. 

Fast  Chemical  Reaction  Studies.  The 
time-of-flight  mass  spectrometer  built  by 
Kistiakowsky  and  Kydd  at  Harvard  Uni- 
versity (the  prototype  for  the  Bendix  Model 
14,  Fig.  23)  has  been  used  to  investigate  fast 
chemical  reactions  initiated  by  flash  photoly- 
sis84 and  by  shock  waves.88 

In  the  first  experiments  the  open  end  of 
the  fast  reaction  chamber  (Fig.  23)  was 
closed  by  a  quartz  window  to  admit  the 
ultraviolet  photolysis  flash.  Secondary  reac- 
tions following  the  photolysis  of  CH2CO  and 
NO*  were  studied. 

In  the  shock  tube  experiments  performed 
by  John  Bradley  the  fast  reaction  chamber 
formed  the  down  stream  end  of  a  small  shock 
tube  and  the  surface  supporting  the  leak  was 
the  end  plate  of  the  tube  from  which  the 
shock  wave  reflected.  The  mass  spectrom- 
eter sampled  the  twice  heated  and  com- 
pressed gas  behind  the  reflected  wave.  Re- 
actions of  N20  and  CHaNC^  and  of  C& 
with  and  without  oxygen  were  studied  in 
this  way.  The  ability  of  the  instrument  to 
identify  and  measure  unstable  intermediates 
in  fast  reactions  was  illustrated  by  the  ob- 
servation of  oxygen  atoms  from  the  decom- 
position of  N20  and  of  polymers  of  acetylene 
formed  during  its  pyrolysis  and  oxidation. 

Analysis  of  Water  in  Solids.  At  the 
Uranium  Division  of  the  Mallinckrodt 
Chemical  Works,  L.  A.  Fergason,  D.  E. 
Seizinger,  and  C.  H.  McBride  have  used 
their  time-of-flight  mass  spectrometer  (a 
Model  12-100  equipped  with  a  recording  out- 
put system)  for  a  variety  of  applications.80* w 
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One  analysis  which  is  frequently  performed 
at  Mallinckrodt  is  the  determination  of  the 
percentage  of  water  present  in  uranium 
tetrafluoride.  The  sample  is  heated  in  a 
small  tubular  furnace  through  which  helium 
is  passed  as  a  carrier  gas.  As  the  gas  emerges 
from  the  furnace,  a  small  fraction  of  the 
helium-water  mixture  is  fed  directly  into 
the  mass  spectrometer  through  a  needle 
valve.  Over  99%  of  the  gas  stream  passes 
into  a  simple  rising  bubble  flowmeter 
through  a  hole  in  the  valve  housing.  This 
same  technique  is  used  by  many  operators 
of  the  time-of-flight  mass  spectrometer  to 
sample  continuously  the  effluent  from  a  va- 
por phase  chromatograph.  The  water  "mem- 
ory" problem  is  minimized  by  heating  the 
sample  pipe  and  the  ion  source  region  of  the 
mass  spectrometer  vacuum  chamber  to 
150°  C. 

Calibration  of  the  system  is  done  by  heat- 
ing weighed  samples  of  barium  chloride  di- 
hydrate  to  150°  C  in  the  tubular  furnace. 
The  scanner  channel  of  the  recording  output 
system  continuously  monitors  the  m/e  18 
water  peak,  while  the  controller  channel  con- 
tinuously monitors  and  maintains  at  a  con- 
stant amplitude  the  m/e  4  helium  peak, 
thereby  controlling  the  sensitivity  of  the  in- 
strument. The  single  voltage  output  from 
the  scanner  channel  is  recorded,  giving  a 
water-helium  ratio.  This  voltage  is  also  de- 
livered through  a  voltage  to  analog  converter 
to  a  decade  sealer,  which  automatically  inte- 
grates the  water-helium  ratio  against  time. 

Amounts  of  water  below  10  parts  per  mil- 
lion, expressed  as  hydrogen,  in  uranium 
tetrafluoride  are  routinely  measured  with 
this  technique. 

The  temperature  of  the  tube  furnace  can 
be  programmed  to  increase  gradually  with 
time.  A  thermocouple  indication  of  this  tem- 
perature can  be  recorded  on  one  channel  of 
a  two  channel  recorder,  while  the  other 
channel  records  the  water-helium  ratio.  An 
example  suggesting  the  application  of  this 
arrangement  uses  barium  chloride  dihydrate 
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FIG.  27.  Model  12-101,  Bendix  Mass  Spectrometer,  equipped  with  ion  source  3-14-107,  Model  112 
two  channel  analog  output  system  (recording  output  system),  and  Sanborn  Series  150  two  channel 
oscillographic  recorder.  Tektronix  Model  645  oscilloscope  also  shown. 


FIG.  28.  Model  14-101,  Bendix  Mass  Spectrometer,  equipped  as  the  instrument  shown  in  Fig.  27. 
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FIG.  29.  Model  M-105-G2  Bendix  Magnetic  Electron  Multiplier  (used  with  recording  output  system). 


.  FIG.  30.  Ion  source  S-12-100  (shown  schematic- 
ally in  Fig.  16). 

as  a  sample.  As  this  powder  is  heated,  three 
distinct  maxima  appear  in  the  water-helium 
ratio.  The  first  represents  the  evaporation  of 
free  water  within  the  powder.  The  second 
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FIG.  31.  Ion  source  S-14-101  (shown  schematic- 
ally in  Fig.  21). 

maximum  represents  the  release  of  the  first 
water  molecule  from  the  decomposing 
barium  chloride  dihydrate,  while  the  third 
maximum  represents  the  final  loss  of  water 
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from  this  crystal.  The  temperatures  at  which 
these  events  take  place  is  graphically  shown 
on  the  two  channel  recording. 

Figs.  27  through  31  show  some  standard 
models  and  components  of  the  Time-of- 
Flight  Mass  Spectrometer  manuf  actured  by 
The  Bendix  Corporation. 
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ATOMIC  FREQUENCY  STANDARDS 

General  Considerations 

A  discussion  of  frequency  immediately  in- 
volves a  discussion  of  time  because  of  the 
reciprocal  relationship  between  the  two 
quantities.  Astronomical  events  such  as  the 
mean  solar  day  and,  since  1956,  the  tropical 


year  have  been  used  for  reasons  of  perma- 
nence and  continuity  as  standards  for  the 
time  scale,  that  is  the  origin  and  the  size  of 
the  unit.  The  need,  however,  to  interpolate 
these  rather  large  units  has  led  to  quartz 
oscillators  of  great  stability  and  to  tech- 
niques of  intercomparing  frequencies  to 
greater  precision  than  any  other  physical 
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quantity,  and  such  oscillators  can  thus  be 
used  to  provide  very  uniform  time  scales  if 
properly  calibrated  against  the  standard.  In 
calibrating  these  oscillators  against  the  mean 
solar  day,  for  example,  variations  were  de- 
tectable in  the  latter.  In  using  astronomical 
standards,  furthermore,  a  very  long  time  is 
required  to  attain  high  precision  for  the 
fundamental  reason  that  in  counting  cycles 
many  counts  are  required  to  reduce  the  ran- 
dom errors  in  marking  the  beginning  and 
end  of  a  cycle. 

As  a  possible  alternative,  the  observed 
transition  frequencies  of  atomic  systems, 
given  by  the  Bohr  relation, 

hv  -  &E,  (1) 

appeared  capable  of  satisfying  the  general 
requirements  of  a  standard  so  well  that  it 
became  conceivable  to  take  the  correspond- 
ing period  as  the  standard  of  the  unit  of 
time,  or  even  to  make  frequency  a  basic 
quantity  and  consider  time  a  derived  quan- 
tity. In  the  standard  for  any  unit  we  require 
constancy  of  the  determination  of  the  size 
of  the  unit  with  time.  In  an  astronomical 
standard  the  size  of  the  cycle  may  vary;  or 
if  this  objection  is  overcome  by  specifying 
one  particular  cycle,  such  as  the  tropical 
year  for  1900,  the  determination  of  this  unit 
from  subsequent  observations  may  fail  from 
inadequate  knowledge  of  the  motion.  The 
requirement  of  constancy  is  more  likely  to  be 
met  in  a  small  system  of  elementary  parti- 
cles such  as  an  atom  than  in  a  macroscopic 
system  such  as  the  sun-earth-moon  system 


because  of  the  smaller  number  of  particles 
involved  and  because  of  the  possibility  of 
arranging  that  the  perturbing  energies  be 
much  smaller  than  the  system  energy. 

A  good  standard  must  also  be  observable 
with  precision.  If  we  suppose  that  the  proc- 
ess of  measuring  a  frequency  is  equivalent  to 
taking  the  mean  of  the  distribution  of  fre- 
quencies comprising  a  spectral  line  such  as 
shown  in  Fig.  1,  we  have 


i  da.  (2) 


The  line,  0(o>),  may  be  expressed  as 

gW  «•  yo(«  -  wo)  +  i?J/(co  -  «<,),  (3) 

where  ify(x)  is  one  of  the  ensemble  of  func- 
tions describing  departures  from  the  ideal 
shape,  2/o(aO,  because  of  noise  or  other  dis- 
turbance, and  17  is  a  parameter  of  smallness. 
The  resonant  frequency  of  any  one  determi- 
nation is  o)0 ,  also  considered  one  of  an  en- 
semble to  account  for  experimental  varia- 
tions. Clearly  w  will  have  a  distribution, 
/(co),  due  to  variations  in  wo  (drifts)  and  in 
the  form  of  y  (disturbances).  For  a  good 
standard  we  seek  to  achieve  the  smallest 
value  of 


(4) 


where 


FIG.  1.  Hypothetical  spectral  line  showing  pos- 
sible variations  in  observation. 
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S3  -   I  5/(5)  da    and    5*  «    f  c?/(«)  ofo.  (5) 

This  problem*  may  be  attacked  in  special 
cases  by  usual  statistical  methods;  but  we 
can  say  immediately  that  narrow  y0(«  —wo), 
small  T?  or  good  signal-to-noise  ratio,  and 
stable  coo  or  freedom  from  drift  and  perturba- 
tions will  help.  Atomic  frequency  standards 
offer  all  these  possibilities. 

Astronomical  standards  offer  the  advan- 
tages of  permanent  availability  and  conti- 
nuity. Atomic  standards  offer  an  equivalent 
advantage  of  renewability  in  case  of  loss, 
but  in  case  of  a  lapse  of  continuity  the  origin 
may  be  lost.  This  is  a  disadvantage,  how- 
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ever,  only  in  experiments  extending  over 
decades,  as  conducted  in  positional  astron- 
omy. 

A  good  standard  must  be  of  optimum  size 
for  comparison,  as  are  the  meter  and  the 
kilogram.  Since  time  standards  always  are 
nearly  of  the  form  /(O  =  f(t  +  27rn/w)  and 
we  have  to  average  over  large  values  of  n 
for  precision  or  to  take  the  Fourier  frequency 
transform  of  a  large  number  of  cycles,  w 
should  be  large  so  that  these  operations  can 
be  applied  to  conveniently  small  intervals. 
Furthermore,  because  of  the  characteristics 
of  practical  electrical  circuits,  frequencies  of 
many  cycles  per  second  are  much  more  con- 
venient to  multiply  and  divide  electronically 
than  are  frequencies  of  one  cycle  per  day  or 
per  year.  Since  frequency  measurement  is 
essentially  a  counting  process,  we  also  note 
that  the  standard  must  not  be  too  rapid  for 
counting  in  some  fashion.  This  effectively 
limits  us  to  frequencies  below  about  300 
kMc  at  the  present  state  of  the  art. 

To  summarize,  we  seek  a  narrow,  intense 
transition  in  the  range  of  microwave  or  ra- 
dio frequency  spectroscopy,  insensitive  to 
perturbing  fields,  and  observable  with  ap- 
paratus that  remains  stable  for  times  neces- 
sary to  secure  a  sufficiently  narrow  band 
width  of  observation,  typically  of  the  order 
of  some  tens  of  seconds. 

Two  transitions  exist  with  outstanding 
characteristics.  These  are  the  ( J  =  3,  K  =  3) 
inversion  of  N14H8  at  23,870  Me  useful  for  its 
high  intensity  and  convenient  frequency,  and 
the  (F  =  4,  mp  -  0)  *=>  (F  =  3,  mr  -  0) 
transition  between  hyperfine  levels  in  the 
ground  state  of  Cs188  at  9,192  Me  arising 
from  electron  spin-nuclear  spin  interaction, 
useful  for  its  insensitivity  to  electric  and 
magnetic  fields  and  also  its  convenient  fre- 
quency. Other  transitions  which  have  been 
studied  are  the  (J  =  N  db  1)  -»  (J  =  N) 
transitions  near  60,000  Me  in  the  ground 
state  of  oxygen  arising  from  change  of  elec- 
tronic spin  momentum  with  respect  to  rota- 
tional momentum,  and  the  hyperfine  transi- 


tions in  the  ground  state  of  the  alkali  metals 
Na28  at  1,772  Me  and  Rb87  at  6,835  Me. 

Techniques  of  Observation 

Gas  Absorption.1  The  gas  absorption  cell 
was  historically  the  first  method  of  utilizing 
molecular  resonances  for  a  frequency  stand- 
ard and  was  used  for  NH8  and  02 .  For  a  well 
isolated  pressure  broadened  line  a  sufficiently 
good  expression  is  given  by  the  Van  Vleck- 
Weisskopf  formula  for  the  absorption  per 
unit  length,  7: 


(6) 


where  N  is  the  number  of  molecules  per  unit 
volume;  /  is  the  fraction  of  molecules  in  the 
lower  state  i,  of  energy  TP,-,  usually  given  as 


\  pa  |2  is  the  mean  square  matrix  element  for 
transitions  from  i  to  j  ;  c,  /b,  T,  and  v  have 
their  usual  significance;  and  r  is  the  mean 
time  between  collisions,  varying  inversely  as 
pressure.  The  half  width  of  the  line  at  the 
half  intensity  point,  A?,  is  l/2wr.  Standard 
techniques  of  microwave  spectroscopy  are 
used,  namely,  a  microwave  generator,  absorp- 
tion cell  containing  gas  under  low  pressure 
for  well  resolved  lines,  and  a  microwave 
power  detector  arranged  to  display  absorp- 
tion vs.  frequency.  Many  refinements  have 
been  devised  to  improve  the  precision  of 
measurement  such  as  modulation  of  the 
source  and  the  absorption  and  various  bridge 
arrangements  to  improve  minirnnm  detect- 
able frequency  change. 

A  practical  NH8  device  gave  frequency 
precision  of  about  2  parts  in  108  over  8  days, 
and  an  02  spectrometer  gave  actual  fre- 
quency measurements  to  2  parts  in  108  and 
evidence  of  greater  precision  at  the  cost  of 
engineering  refinements  to  reduce  residual 
systematic  errors. 
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The  limitations  of  the  gas  absorption 
standard  are  large  Av  of  some  tens  of  kilo- 
cycles due  to  pressure  and  Doppler  broaden- 
ing and  consequent  inability  to  localize  the 
line  precisely  because  of  systematic  errors 
which  usually  limit  measurement  to  a  fixed 
fraction  of  a  line  width.  Consequently  the 
gas  absorption  standard  has  essentially  been 
abandoned  as  an  atomic  frequency  standard. 

Atomic  Beam.2  The  atomic  beam  fre- 
quency standard  has  proved  the  most  satis- 
factory instrument  to  date  probably  because 
it  most  closely  approaches  the  ideal  of  a 
single  atom  in  field-free  space,  unperturbed 
by  collisions  and  free  of  Doppler  effect.  Fixed 
laboratory  installations  serving  as  national 
standards  and  also  portable  commercial 
models  have  been  made.  The  usual  arrange- 
ment is  shown  in  Kg.  2.  Atoms  in  all  sub- 
levels  of  both  states  F  =  3  and  F  =  4  leave 
the  oven  with  a  distribution  of  velocity  vec- 
tors and  are  deflected  in  the  moderately 
strong  non-uniform  Stern-Gerlach  field  by 


virtue  of  an  effective  component  of  dipole 
moment  along  the  field,  dependent  on  both 
mp  and  field.  For  the  two  mf  =  0  levels  the 
deflection  is  equal  and  opposite.  The  atoms 
then  drift  in  the  low-field  space  C  and  are 
subject  to  a  Ramsey-type  excitation  using 
separated  r-f  fields.  At  resonance  change  of 
state  occurs  by  absorption  or  stimulated 
emission  depending  on  the  initial  state,  and 
upon  traversing  the  second  identical  deflect- 
ing field  only  those  atoms  having  undergone 
transitions  are  focused  on  the  detector.  If 
resonant  transitions  do  not  occur,  the  beam 
is  deflected  away  from  the  detector.  Atoms 
with  mr  j&  0  undergo  no  transitions  and 
never  reach  the  detector.  Detection  is  com- 
monly accomplished  by  ionization  of  the  al- 
kali atoms  striking  a  hot  wire  and  observa- 
tion of  the  resulting  current  by  as  convenient 
and  sensitive  means  as  possible.  The  line 
width  is  governed  by  the  uncertainty  princi- 
ple, ASA*  >  n/2  or  A?A*  >  l/4rr,  where  At 
is  the  time  of  flight  of  the  atom. 
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The  Cs  beam  has  been  found  to  be  self- 
checking  as  to  correct  phase  of  the  two  r-f 
exciting  fields  and  satisfactorily  insensitive 
to  experimental  conditions  such  as  value  of 
oven  temperature,  beam  flux,  chamber  pres- 
sure, Stern-Gerlach  field,  Stark  fields,  r-f 
power  level,  mechanical  alignment,  and  C 
field.  Only  the  latter  parameter  is  corrected 
for  by  the  relation, 


v  -  (PO  +  427  H')  sec-', 


(7) 


representing  an  accurate  correction  of  a  few 
parts  in  1010.  Precision  may  be  increased  by 
lengthening  the  beam  until  various  non-fun- 
damental systematic  effects  such  as  attain- 
able vacuum,  focusing,  and  spectral  im- 
purity, that  is,  phase  jitter  of  the  exciting 
radiation,  become  important.  First-order 


Doppler  shift  or  broadening  is  absent  since 
the  particle  direction  and  photon  direction 
are  perpendicular. 

Results  with  several  beams  of  independent 
design  of  50  cm  length  have  shown  that  the 
resonance  can  be  reproducibly  observed  on  a 
given  apparatus  to  about  1  part  in  1010,  and 
that  these  apparatuses  agree  among  them- 
selves to  3  or  4  parts  in  1010.  With  additional 
care  in  construction  and  testing  it  has  re- 
cently been  possible  to  obtain  precision  of 
measurement  of  2  parts  in  1012  as  estimated 
by  the  standard  deviation  of  the  mean,  to 
obtain  agreement  between  two  apparatuses 
to  2  parts  in  1011,  and  to  assign  the  uncer- 
tainty of  approaching  the  idealized  Cs  reso- 
nance to  2  parts  in  1011. 

As  to  current  developments,  somewhat 


FIG.  2.  Cesium  beam  atomic  frequency  standard,  (a)  Schematic,  (b)  Apparatus  at  Boulder  Labora- 
tories, National  Bureau  of  Standards,  by  permission  of  R.  C.  Mockler. 
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FIG.  3.  Ammonia  maser  fAfter  Gordon,  Zieger,  and  Townes,  Physical  Review,  95,  282  (1954)1. 


longer  beams  of  1.5  to  5  m  length  have  been 
made  recently;  and  the  resonance  of  Tl205  at 
21,  311  Me  has  been  suggested  as  worth  in- 
vestigating. 

Maser.8  The  gas  maser  may  also  be  con- 
sidered an  atomic  frequency  standard.  Fig- 
ure 3  shows  one  experimental  arrangement. 
Ammonia  atoms  leave  the  oven  in  a  beam 
and  are  prepared  in  the  upper  inversion 
state  by  the  quadrupolar  electrostatic  fo- 
cuser  which  focuses  atoms  in  the  upper  state 
and  defocuses  those  in  the  lower  state;  the 
focused  atoms  enter  the  microwave  cavity 
where  they  are  stimulated  to  emit  by  the 
existing  microwave  field.  This  energy  is 
stored  in  the  cavity  to  produce  further  stimu- 
lated emission  and  to  supply  losses  of  the 
cavity  and  external  loads.  The  maser  can 
selectively  amplify  an  applied  signal  in  the 
neighborhood  of  resonance  or  it  can  oscillate. 
In  the  former  case  the  line  width  depends  on 
experimental  conditions  of  beam  flux,  cavity 
Q,  and  applied  signal  strength  and  may  be  of 
the  order  of  a  few  kilocycles.  In  the  latter 
case  the  condition  for  oscillation  is  that  the 
energy  input  per  unit  time  equal  or  exceed 
the  power  losses  P,  or 


where  n  is  the  number  of  excited  molecules 
entering  the  cavity  per  unit  time  and  PM 
is  the  probability  that  a  molecule  undergo 
stimulated  emission  while  in  the  cavity.  Ex- 
pressing Pi+i  in  terms  of  the  dipole  matrix 
element  M  connecting  states  1  and  2,  the  en- 
ergy density,  the  time  spent  in  the  cavity 
T  =  l/Vj  and  the  line  width  Av  ~  1/r,  and 
expressing  P  in  terms  of  the  loaded  Q  and  the 
stored  energy  in  the  volume  F,  we  find  the 
minimum  beam  flux  for  oscillation  to  be 


t+ihv  >  P, 


(8) 


(9) 

PM  may  be  made  of  the  order  of  ^  for 
strong  oscillations,  and  some  10~9  w  may  be 
extracted.  The  spectral  output  of  the  maser 
oscillator  is  exceedingly  monochromatic;  its 
relative  half -half  width  is  given  by 

(10) 

and  observed  in  practice  as  a  few  parts  in 
1012 — better  than  any  other  r-f  source.  The 
actual  frequency  is  sensitive  to  experimental 
conditions  of  cavity  tuning,  cavity  Q,  beam 
flux,  and  Doppler  shift  due  to  possible  exist- 
ence of  traveling  waves  in  the  cavity  which 
supply  localized  losses  such  as  an  exit  iris. 
These  conditions  must  be  specified  more 
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carefully  than  the  Cs  conditions  in  order  to 
achieve  comparable  reproducibility  to  parts 
in  1010. 

An  interesting  application  may  be  to  solve 
the  limitation  of  spectral  purity  in  the  Cs 
exciting  radiation  by  deriving  it  from  a 
maser  oscillator. 

Optical  Pumping.4  As  in  the  atomic 
beam  and  the  maser,  atoms  are  prepared  in 
a  pure  state  arranged  to  have  a  long  life- 
time and  are  stimulated  to  emit  by  micro- 
wave radiation  in  a  manner  free  of  Doppler 
effect;  and  the  change  of  state  is  detected. 
Here  the  state  preparation  consists  of  selec- 
tive excitation  of  a  vapor  at  partial  pressure 
of  about  10~7  mm  Hg  from  some  of  its  ground 
state  magnetic  or  hyperfine  sublevels  to  an 
upper  electronic  state  by  specially  filtered  or 
polarized  optical  resonance  radiation.  Ex- 
cited atoms  become  more  or  less  equally  dis- 
tributed among  the  sub-levels  of  the  upper 
state  by  collisions  and  spontaneously  radiate 
to  all  lower  levels.  In  the  case  of  the  alkali 
atoms  it  is  possible  to  enhance  the  upper  hy- 
perfine level  of  the  ground  state  at  the  ex- 
pense of  the  lower. 

This  situation  is  preserved  because  colli- 
sions in  the  *S  ground  state  with  either  a 
buffer  gas  introduced  at  about  100  mm  Hg 
or  a  special  wall  coating  are  not  disorienting 
because  of  absence  of  magnetic  dipole  or  spin 
exchange  interactions,  and  the  requisite  long 
lifetime  of  the  prepared  state  is  accom- 
plished. Doppler  width  reduction  occurs  es- 
sentially by  a  mechanism5  in  which  the  radi- 
ating atom  is  confined  by  buffer  gas  collisions 
to  a  region  small  compared  to  a  wavelength, 
so  that  the  motion  of  the  source  does  not 
cumulatively  affect  the  phase  of  the  emitted 
wave,  as  is  ordinarily  responsible  for  Doppler 
effect.  If  AF  =  1  transitions  are  induced  be- 
tween these  hyperfine  levels  by  microwave 
radiation,  the  fact  can  be  detected  by  a 
change  in  the  absorption,  scattering,  or 
polarization  of  the  exciting  optical  radiation 
because  of  the  altered  populations  produced. 

Microwave  responses  as  narrow  as  400 


cps  for  Na,  40  cps  for  Cs,  and  20  cps  for 
Rb  have  been  observed.  Present  limitations 
are  a  non-negligible  shift  in  line  frequency 
with  buffer  gas  composition,  pressure,  and 
temperature,  so  that  the  device  does  not 
seem  to  provide  as  ideal  a  standard  as  an 
atom  in  a  beam,  but  nevertheless  does  pro- 
vide a  very  stable  frequency  with  relatively 
small  apparatus. 

Utilization  of  Resonance 

The  utilization  of  an  atomic  resonance  as 
a  frequency  standard  may  consist  of  passive 
use,  as  a  cavity  resonator  might  be  used  as 
a  wavemeter,  or  of  use  of  the  frequency  dis- 
crimination available  in  the  line  as  a  part  of 
a  control  mechanism  to  regulate  an  oscillator 
continuously.  Such  control  mechanisms  may 
possess  considerable  electronic  complexity 
and  sophistication,  but  they  may  usually  be 
brought  into  the  standard  form  shown  in 
Fig.  4  with  either  phase  or  frequency  as 
the  controlled  variable.  Figure  5  shows  a 
loop  which  may  be  used  to  phase  lock  an 
oscillator  to  a  maser.  The  reference  quantity 
is  the  phase  of  the  maser  output,  w^.  To 
simplify  analysis  it  is  convenient  to  assume 
that  the  reference  frequency  is  re-supplied 
through  the  disturbance  input,  so  that  in- 
side the  loop  we  deal  only  with  quantities 
proportional  to  phase  error.  The  relative 
stability  of  the  auxiliary  conversion  oscilla- 
tor introduced  into  the  sum  point,  &OZ/WL  , 
enters  into  the  system  relative  stability, 
$o>/«;  but  it  is  reduced  by  the  factor  o>L/6>, 
which  may  be  chosen  as  small  as  10""8  or 
1Q-4.  From  the  condition  on  the  figure, 
(co  —  wr  —  «L)$  <  IT,  and  the  assumption 
for  =  0,  we  have  at  sufficiently  long  times 
5co  =  &OL  or  $«/co  =  ($«L/wjO(w*A«0-  The 
same  loop  might  be  used  to  control  an  oscil- 
lator from  the  Cs  resonance.  The  reference 
frequency  would  be  provided  passively  by 
the  property  of  Cs;  the  sum  point  would  be 
a  convenient  schematic  fiction  containing  no 
apparatus;  and  the  phase  transducer  would 
be  replaced  by  one  of  a  variety  of  frequency 
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FIG.  4.  Standard  form  of  control  mechanism. 


FIG.  5.  Oscillator  phase  locked  to  a  maser,  drawn  as  a  control  mechanism.  Phase  is  the  controlled 
quantity. 


discriminators,  transducing  frequency  differ- 
ence into  a  control  voltage. 

Applications 

Atomic  frequency  standards  have  pro- 
vided orders  of  magnitude  improvement  in 
the  scientific  time  scale.  When  compared 
with  the  most  refined  mean  solar  second,  the 
Cs  beam  confirmed  variations  in  the  latter 
of  the  order  of  5  parts  in  109  in  the  course 
of  a  year,  and  contributed  to  a  redefinition 
of  the  second  in  1956  by  the  ComitS  Inter- 
national des  Poids  et  M&ures  (CIPM)  as 
the  fraction  1/31,556,925.9747  of  the  trop- 
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ical  year  for  January  0,  1900,  at  12  hours 
Ephemeris  Time.  This  unit,  although  con- 
stant by  definition,  is  very  cumbersome  to 
recover  from  current  astronomical  observa- 
tions; therefore  as  a  result  of  a  recent  meas- 
urement6 yielding 

"o.  -  (9,192,631,770  ±  20)  sec-i  (of  E.T.) 

the  second  may  be  considered  to  be  provided 
immediately  by  the  Cs  resonance  to  the 
stated  accuracy.  Because  different  Cs  resona- 
tors are  now  constant  among  themselves  to 
a  precision  of  a  few  parts  in  1010,  with  early 
expectation  of  order  of  magnitude  improve- 
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ment,  the  CIPM  may  eventually  define  a 
unit  of  time  based  on  an  atomic  frequency 
standard,  similar  to  its  intended  action  with 
respect  to  an  atomic  unit  of  length  in  1960. 

Several  applications  to  physical  experi- 
ments exist.  First,  a  signal  of  great  spectral 
purity  such  as  that  available  from  a  maser 
may  be  used  as  a  high  resolution  analyzer  of 
other  spectra  such  as  those  produced  by 
electronic  oscillators  and  multipliers.7  For  if 
fi(t)  is  the  signal  from  the  oscillator  and 
ft(t)  is  the  signal  from  the  maser,  we  may 
form  fi(t)fz(t)  whose  Fourier  transform  is 
the  convolution  integral 


-  s)  ds, 


where  F(s)  is  the  Fourier  transform  of  f(t) ; 
and  if  Fa  may  be  approximated  by  the  Dirac 
delta  function,  we  may  arrive  at  |  FI(U>)  |2, 
the  power  spectrum  of  /i . 

The  great  precision  in  frequency  measure- 
ment does  not,  of  course,  contribute  to  meas- 
urement of  physical  quantities  involving 
dimensions  other  than  time;  for  these  are 
limited  by  the  lesser  precision  available  in 
length,  mass,  or  current,  as  the  case  may 
be.  The  precision  may,  however,  be  utilized 
by  selecting  quantities  involving  frequency 
or  time  alone,  such  as  the  cyclotron  fre- 
quency of  the  electron  or  proton,  or  the 
frequency  of  nuclear  precession  in  a  mag- 
netic field,  or  dimensionless  ratios  of  such 
frequencies.  One  such  experiment8  has  tested 
anew  the  postulate  of  special  relativity  pro- 
hibiting a  preferred  frame  among  frames  in 
uniform  relative  motion  by  observing  the 
rate  of  a  beam  maser  for  molecular  velocity 
along  and  against  the  orbital  velocity  of  the 
earth.  The  experiment  is  equivalent  to  the 
Michelson-Morley  experiment,  which  gave 
a  null  result  of  1/20  of  the  expected  ether 
drift.  The  present  experiment  improved  this 
to  1/1000  by  virtue  of  the  ability  to  com- 
pare frequencies  precisely. 

In  addition,  the  precision  inherent  in  fre- 
quency determination  may  be  used  to  ob- 


tain a  number  of  quantities  external  to  the 
atom  upon  which  AS  in  Equation  (1)  de- 
pends, such  as  Stark  or  Zeeman  fields,  initial 
momentum  mu  of  the  system  (Doppler 
effect),  and  the  gravitational  scalar  and 
vector  potential,  x  and  y,  at  the  emitter, 
depending  on  the  metric  tensor  #,•*  .  Calcu- 
lations may  most  conveniently  be  carried 
out  separately  according  to  the  predominant 
effect.  M011er9  gives  for  the  observed  fre- 
quency of  emission  in  the  absence  of  electric 
and  magnetic  fields: 


(TWO  —  mo)c* 


—  (m  —  mp)/m 


(11) 


(1  -  Y-u/cO(l  -  mc'u-e/S) 


where  mo  and  rh$  are  rest  masses  in  an  in- 
ertial  frame  for  initial  and  final  states;  c  = 
c(l+  2X/C2)172;  c  is  the  velocity  of^light  in 
an  inertial  frame;  E  =  mc'*(l  —  y-u/c)  i 
the  energy  of  the  initial  state; 


s 


m 

and  e  is  the  unit  vector  in  the  direction  of 
photon  emission.  For  systems  at  rest  at 
places  differing  by  gravitational  potential 
AX,  Equation  (11)  predicts  a  relative  fre- 
quency shift  of  Ax/c2,  the  Einstein  gravita- 
tional red  shift.  This  effect  is  1.76  parts  in 
1018  per  mile  at  the  surface  of  the  earth.  If  one 
of  the  systems  is  put  into  an  artificial  satel- 
lite, the  result  is  complicated  by  the  rela- 
tivistic  Doppler  effect  arising  from  the 
velocity  dependence  in  Equation  (11)  and 
the  need  to  integrate  both  effects  over  the 
orbit;  but  the  effect  has  been  calculated  as 
a  few  parts  in  1010  for  a  typical  satellite. 
Both  magnitudes  are  within  reach  by  pres- 
ent atomic  frequency  standards.  Such  im- 
plications of  general  relativity  as  to  the 
alteration  of  time  scales  may  have  practical 
application  to  accurate  timekeeping  among 
space  stations. 
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JOHN  M.  RICHARDSON 

THEORY,  INSTRUMENTATION,  APPLICATIONS 

The  portion  of  the  electromagnetic  spec- 
trum extending  approximately  from  one 
millimeter  (300,000  megacycles)  to  30  centi- 
meters (1,000  megacycles)  is  designated  the 
microwave  region.  This  region  lies  between 
the  far  infrared  and  the  conventional  radio- 
frequency  regions.  Spectroscopic  applica- 
tions of  microwaves  consist  almost  exclu- 
sively of  absorption  work  in  gaseous  samples, 
not  of  emission  work  since  emission  spectra 
have  been  observed  only  from  astronomical 
sources. 

With  some  exceptions  the  various  types  of 
spectra  are  distinguished  by  the  energy 
origins.  In  the  visible  and  ultraviolet  regions 
the  transitions  between  electronic  energy 
states  are  directly  measurable  as  character- 
istic of  elements  with  vibrational  and  rota- 
tional energies  of  molecules  observed  only  as 
perturbation  effects.  In  the  infrared  region 
the  vibrational  spectra  are  observed  directly 
as  characteristic  of  functional  groups  with 
rotational  energies  observed  as  perturbation 
effects.  In  the  microwave  region  transition? 
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between  rotational  energies  of  molecules  are 
observed  directly  as  characteristic  of  ab- 
sorbing molecules  as  a  whole  with  nuclear 
effects  as  first-order  perturbations;  whereas 
in  the  radio-frequency  (rf)  region,  the  nu- 
clear effects  are  directly  observable.  Micro- 
wave spectroscopy,  a  science  only  about  15 
years  old,  has  created  new  interest  in  Stark 
and  Zeeman  effects  (electric  and  magnetic 
field  effects  upon  spectra)  and  in  hyperfine 
structure  of  molecular  spectra.  Intennolecu- 
lar  interactions  are  observed  from  measure- 
ments of  widths  and  shapes  of  spectral  lines. 
Especially  important  today  is  the  observa- 
tion in  the  microwave  region  of  paramagnetic 
resonance  absorption  (PMR).  Here  the  para- 
magnetic substance  is  placed  in  a  magnetic 
field,  and  the  precession  of  the  electric  mo- 
mentum vector  about  the  field  then  occurs. 
The  interaction  energy  of  the  magnetic 
moment  of  the  ion  or  molecule  with  the  ex- 
ternal field  is  quantized;  transitions  between 
the  different  Zeeman  levels  (different  orien- 
tation of  the  electronic  momentum  vector  in 
the  external  electric  field)  give  rise  to  ab- 
sorption in  the  microwave  region  with  the 
magnetic  fields  of  the  order  of  a  few  kilo- 
gauss  at  the  proper  value.  Thus  there  is 
close  analogy  to  nuclear  magnetic  resonance 
(NMR)  observed  in  the  rf  region;  PMR 
provides  important  information  in  crystal 
structures,  chemical  bonding,  electronic 
state  of  ions  in  crystals  and  nuclear  hyper- 
fine  structure. 

Liquids  and  solutions  have  broad  absorp- 
tion peaks  in  the  microwave  region  associ- 
ated with  anomalous  dispersion  caused  by 
orientation  of  molecular  dipoles  in  the  field 
of  radiation.  These  peaks  occur  at  frequen- 
cies of  Hirr,  where  r  is  the  relaxation  time 
of  the  dipole.  Thus,  with  the  theory  of  Debye 
calculations  can  be  made  of  relaxation  time, 
dipole  moment  and  dielectric  constant  of 
complex  compounds.  Structural  information 
concerning  bond  lengths,  bond  angles  and 
nuclear  masses  may  be  calculated.  Nuclear 
spin  and  quadrupole  coupling  information  is 


obtained  from  data  on  the  fine  structure  of 
some  absorption  bands.  Internal  rotation, 
hindered  and  unhindered,  of  organic  mole- 
cules is  evaluated.  The  sharp  absorption 
spectrum  lines  may  be  used  to  control  the 
frequency  of  an  oscillator;  as  secondary  fre- 
quency standards;  and  for  stabilization  of 
magnetic  fields.  An  atomic  clock,  in  which 
the  frequency  of  a  particular  line  of  am- 
monia gas  serves  as  the  standard,  provides 
true  accuracy  of  one  part  in  ten  million, 
somewhat  better  than  time  standards  based 
on  rotation  of  the  earth. 

So  the  largest  and  most  important  use  is 
coming  to  be  the  qualitative  and  quantita- 
tive analysis  of  complex  chemical  com- 
pounds, including  isotope  analysis.  Thus  the 
spectrum  of  C185CN  is  as  easily  distinguished 
from  CFCN  as  it  is  from  CHsOH,  because 
the  frequencies  of  the  rotational  spectra  in 
the  microwave  region  are  inversely  propor- 
tional to  the  moments  of  inertia  of  the  mole- 
cules, and  hence  these  frequencies  vary 
directly  with  changes  in  isotopic  mass.  For 
chemical  analysis  a  listing  of  3  frequencies 
usually  identifies  a  particular  chemical 
uniquely;  the  spectral  space  available  for 
chemical  identification  in  the  range  of  20,000 
to  220,000  Me,  allowing  %  Me  for  resolu- 
tion of  each  line  is  600,000.  The  usual  spec- 
trometer sensitivity  allows  detections  of 
gases  at  a  dilution  of  100  to  1,  but  N14Hi 
may  be  found  in  a  dilution  of  1  in  10  million. 
Because  the  spectrometers  operate  at  a  very 
low  pressure,  less  than  1  micromole  of  a 
sample  is  required  for  qualitative  analysis. 

As  in  any  other  type  of  absorption  spec- 
troscopy, the  apparatus  required  in  micro- 
wave spectroscopy  consists  essentially  of  a 
source  of  radiation,  a  sample  cell  and  a  de- 
tector. Unlike  the  optical  spectrometer  which 
depends  on  the  element  of  dispersion — a 
prism  or  grating,  the  microwave  spectro- 
meter, a  completely  electronic  instrument, 
requires  no  dispersive  component  because 
the  source  is  monochromatic,  the  frequency 
of  which  can  be  varied  at  will  and  measured 
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electronically  with  very  high  precision.  The 
most  common  type  of  microwave  source  is 
the  klystron,  a  specially  designed  high  vac- 
uum electron  tube.  The  klystron  output  is 
monochromatic  under  any  given  set  of  con- 
ditions, so  no  separate  monochromator  is 
required  in  microwave  spectroscopy.  The 
frequency  of  the  output  of  any  klystron 
may  be  varied  somewhat  by  mechanical 
and/or  electrical  adjustment,  and  different 
types  are  available  to  cover  various  portions 
of  the  microwave  spectrum.  The  sample  cell 
usually  consists  of  a  wave  guide,  a  long 
metal  tube  with  rectangular  cross  section. 
Typical  dimensions  are  20  feet  long  and  one 
inch  by  one-half  inch  in  cross  section.  The 
detector  usually  consists  of  a  silicon  crystal, 
although  bolometers  and  other  heat-type 
detectors  are  occasionally  used. 

In  addition  to  these  three  basic  compo- 
nents, a  complete  typical  microwave  spec- 
trometer includes  provision  for  modulation 
of  the  absorption  spectrum,  an  a-c  amplifier 
for  the  detector  output,  a  final  indicator 
consisting  either  of  a  cathode  ray  oscillo- 
scope or  a  strip  recorder,  a  sweep  generator 


to  vary  synchronously  the  source  frequency 
and  one  axis  of  the  final  indicator,  a  means 
of  frequency  measurement,  a  gas  sample 
handling  system,  and  the  necessary  elec- 
tronic power  supplies.  The  modulation  is 
necessary  in  order  to  obtain  sufficient  sensi- 
tivity in  the  measurements,  and  is  commonly 
based  upon  the  Stark  effect.  The  a-c  ampli- 
fier must  be  tuned  to  the  frequency  of  modu- 
lation. Methods  of  measuring  frequencies  in 
the  microwave  region  can  be  accurate  to 
within  one  part  in  several  million.  A  detailed 
account  of  apparatus  components  is  to  be 
found  in  reference  1;  many  improvements 
and  modifications  have  been  reported  in 
subsequent  papers  in  Physical  Review  and 
other  periodicals.  [Abridgement  of  an  article 
by  Dr.  Robert  B.  Fisher  in  the  "Encyclo- 
pedia of  Chemistry."] 
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As  the  name  indicates,  monochromators 
are  optical  instruments,  ordinarily  used  in 
connection  with  spectrophotometers  (q.v.) 
and  spectrofluorometers,  (q.v.),  which  isolate 


single  wavelengths  in  ultraviolet,  visible  or 
infrared  regions  of  the  spectrum  from  the 
light  provided  by  any  source  such  as  hydro- 
gen, mercury,  neon  or  xenon  arcs.  This 


COLUMATNG  LENS 


OBJECTIVE:  LENS 


ENTRANCE  SLIT 


FIG.  1.  Prism  monochromator. 
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monochromatization  is  accomplished  by  the 
appropriate  use  of  prisms  for  refraction  or  of 
ruled  gratings  for  diffraction  of  the  primary 
source  into  its  spectrum.  A  typical  optical 
system  for  a  prism  monochromator  (Far- 
rand)  is  shown  in  Fig.  1.  Light  from  the 
source  is  passed  through  an  entrance  slit  and 
is  then  collimated  by  the  first  quartz-lithium 
fluoride  achromat  objective.  The  resultant 


V-DIAL 
FIG.  2.  Grating  monochromator. 


parallel  radiation  passes  through  the  prism 
system  where  it  is  dispersed.  The  second 
objective  images  the  entrance  slit  in  the 
plane  of  the  exit  slit.  The  wavelength  of  the 
light  issuing  from  the  exit  slit  at  a  constant 
angle  of  deviation  is  varied  by  counter- 
rotation  of  the  two  30°  prisms  to  bring  the 
desired  wavelength  into  coincidence  with 
the  exit  slit.  The  band  width,  or  "spectral 
purity,"  transmitted  at  a  given  setting  of 
the  wavelength  dial  is  controlled  by  the 
entrance  and  exit  slit  widths.  Under  normal 
conditions  the  band  width  is  of  the  order  of 
1  m/A  from  400  to  200  mju  or  a  spectral  purity 
better  than  90%. 

The  operation  of  grating  monochromators 
is  illustrated  in  Fig.  2.  Light  from  a  source 
is  focused  on  entrance  slit  A  and  transmitted 
to  a  spherical  mirror  B,  which  reflects  a 
parallel  beam  to  grating  C,  dispersed  and 
incident  on  spherical  mirror  D,  then  con- 
verged on  plane  mirror  E  to  form  the  image 
which  emerges  through  exit  slit  F.  The  grat- 
ing monochromator  is  furnished  to  cover 
various  ranges:  220-650  m/i,  220-440  mju 


Ai  Aa  Prisms 
B  Entrance  slit 
O  Center  slit 
D  Exit  slit 


FIG.  3.  Double  monochromator  utilizing  prisms. 

Fi  Ft  Collimating  mirrors  K  Ellipsoidal  mirror 

Gi  Gs  Littrow  mirrors  L  Thermocouple  position 

H  Mirror  turntable  M  Wavelength  control 

I  Center  of  rotation  N  Slit  width  dial 


Newtonian  mirrors 


J  Plane  mirror 


0  Wave  scale 
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400-700  m/i,  700-1400  or  2800  HIM  (infra- 
red), all  identical  except  that  they  utilize 
differently  blazed  gratings. 

The  double  monochromator  utilising 
prisms  (Fig.  3)  reduces  scattered  radiations 
to  a  negligible  magnitude.  Hence  higher 


spectral  purity  and  greater  resolution  are 
provided.  It  is  easily  converted  into  a  double 
spectrometer.  Detailed  information  on  con- 
struction and  performance  may  be  obtained 
from  the  manufacturers. 

G.  L.  CLARK 
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ABSORPT1OMETRY 

Just  as  spectrophotometry  for  ultraviolet, 
visible  and  infrared  light,  (q.v.)  and  x-ray 
absorptiometry  (q.v.)  are  methods  of  chem- 
ical analysis,  so  also  may  the  absorption  of 
thermal  neutrons  be  used  for  quantitative 
determination  of  various  chemical  elements. 
Again  the  simplicity  of  the  apparatus  re- 
quired commends  such  an  application,  es- 
pecially for  those  elements  such  as  boron 
which  have  high  neutron  absorption  cross 
sections.  An  excellent  example  of  a  few  anal- 
yses which  have  been  reported,  mostly  in 
Atomic  Energy  Commission  reports,  is  the 
determination  of  boron  by  DeFord  and 
Braman.1   The   sensitivity,    precision   and 
selectivity  of  the  neutron  absorption  method 
depends  largely  on  the  geometrical  arrange- 
ment of  the  neutron  source,  moderator, 
sample  and  detector.  The  optimum  condi- 
tions are  realized  when  the  detector  tube 
(BF8  counter  tube  as  described  on  page  663), 
is  completely  surrounded  by  the  sample  in 
solution,  and  both  the  neutron  source  and 
sample  are  imbedded  in  the  moderator, 
which  is  a  block  of  paraffin  wax,  typically  1 
ft.  square  and  6  in.  high.  With  such  an  ar- 
rangement the  counting  rate  is  0.003  to  0.01 
times  the  rate  of  production  of  neutrons  by 
the  sma,11  source,  a  10  me  mixed  radium- 
beryllium,  thus  permitting  counting  times 
of  only  a  few  minutes.  The  counting  rate 
is  then  related  to  the  concentration  of  boron 
by  a  simple  mathematical  equation.  For  a 
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sample  containing  about  1  g.  boron  a  pre- 
cision of  dbO.5%  is  attained,  or  for  very 
small  amounts  of  boron  about  =bl.O  mg. 
Separation  of  boron  from  other  elements  is 
not  required  since  other  elements  associated 
in  a  compound  have  very  low  neutron  ab- 
sorption cross  sections;  because  the  method 
is  based  on  a  nuclear  property  the  state  of 
chemical  combination  is  immaterial;  and 
the  method  is  entirely  nondestructive.  The 
most  serious  disadvantages  are  low  sensitiv- 
ity and  comparatively  large  weight  of 
sample  required  for  highest  possible  pre- 
cision. Conceivably  the  neutron  spectrome- 
ter could  be  used  here  as  a  monochromator 
for  the  beam  to  be  absorbed,  with  perhaps 
simplified  calculations  and  interpretations. 
This  of  course  would  require  an  intense  beam 
of  neutrons  from  a  reactor;  but  such  as 
absorptiometer  technique  is  inevitable. 
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BASIC  PRINCIPLES  AND  INSTRUMENTATION* 
The  Wave  Nature  of  the  Neutron 

Although  it  is  only  in  recent  years,  with 
the  advent  of  chain-reacting  atomic  piles, 

*  Based  in  part  on  Chapter  1,  "Neutron  Dif- 
fraction," by  G.  E.  Bacon;  Oxford  Univ.  Press, 
1955. 
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that  neutron  diffraction  has  become  a  sub- 
ject of  some  importance  in  the  study  of  the 
solid  state,  nevertheless  it  was  shown  as  long 
ago  as  1936  that  neutrons  could  be  diffracted. 
Elsasser  (1936)1  first  suggested  that  the 
motion  of  neutrons  would  be  determined  by 
wave  mechanics,  so  that  they  would  be 
diffracted  by  crystalline  materials  and, 
shortly  afterward,  an  experimental  demon- 
stration of  this  was  given  both  by  Halban 
and  Preiswerk  (1936)*  and  by  Mitchell  and 
Powers  (1936)  .4  These  experiments  were 
done  using  a  radium-beryllium  neutron 
source,  the  neutrons  from  which  were  by  no 
means  of  constant  velocity,  or  "monochro- 
matic," and,  while  sufficient  to  demonstrate 
that  diffraction  occurred,  they  were  not  of 
course  sufficient  to  provide  any  quantitative 
data. 

Neutron  Beams  from  Atomic  Piles 

With  the  development  of  atomic  piles, 
neutrons  have  been  made  available  in  suffi- 
cient numbers  to  allow  collimation  into 
beams  and  segregation  in  energy  within  a 
fairly  narrow  band.  Thus  there  has  grown 
up  a  technique  of  neutron  diffraction  on 
rather  similar  lines,  but  on  a  different  scale, 
to  the  familiar  technique  of  x-ray  diffrac- 
tion which  developed  from  von  Laue's  classic 
discovery  of  1912  that  crystals  would  diffract 
x-rays.  The  first  apparatus  of  this  sort,  usu- 
ally termed  a  "neutron  spectrometer,"  al- 
though it  has  been  suggested  that  "diffrac- 
tometer"  would  be  more  accurate,  was  built 
at  the  Argonne  National  Laboratory  in  1945 
(Zihn,  1947).5 

If  neutrons  or  any  other  radiation  with 
wave  properties  are  to  be  of  use  in  inves- 
tigating the  arrangement  of  atoms  in  solids, 
it  is  necessary  for  their  velocity  to  be  such 
that  they  have  a  wavelength  of  the  same 
order  as  the  distance  of  separation  of  these 
atoms.  This  requirement  accounts  for  the 
very  general  use  of  the  x-radiation  of  copper 
of  wavelength  1.54  A  by  the  x-ray  crystal- 
lographer.  In  the  case  of  neutrons  the  equiva- 


lent wavelength  X  is  given,  according  to 
wave  theory,  by  the  equation 


X  —  h/mv, 


(1) 


where  h  is  Planck's  constant  and  m  and  v  are 
the  mass  and  velocity,  respectively,  of  the 
neutrons.  If  we  consider  neutrons  which 
have  made  a  large  number  of  collisions  with 
atoms  in  an  atomic  pile  at  temperature  T 
before  being  allowed  to  escape  from  the  pile, 
then  they  will  have  a  root-mean  square 
velocity  v  appropriate  to  that  temperature, 
and  given  by  the  equation 

(2) 


where  k  is  Boltzmann's  constant.  From  equa- 
tions 1  and  2  it  follows  that 


X*  -  h*/ZmkT, 


(3) 


from  which  it  can  be  shown  that  the  wave- 
lengths corresponding  to  the  root-mean 
square  velocities  of  neutrons  in  equilibrium 
at  temperatures  of  0°  C  and  100°  C  are  1.55 
A  and  1.33  A,  respectively. 

It  is  a  fortunate  circumstance  that  these 
wavelengths  are  of  just  the  magnitude  de- 
sired for  the  investigations  of  atomic  ar- 
rangements, since  it  is  neutrons  having 
temperatures  of  this  order  which  can  be 
most  conveniently  obtained  from  an  atomic 
pile.  These  neutrons  will  have  been  slowed 
down  by  making  many  collisions  with  a 
moderator  of  graphite  or  heavy  water  and 
will  tend  to  come  into  thermal  equilibrium 
at  the  pile  temperature.  They  will  have  a 
distribution  of  velocities  which  follows  a 
maxwellian  curve  appropriate  to  a  tempera- 
ture of  the  order  of  100°  C.  By  inserting  a 
collimator  into  the  pile  face  a  beam  of  these 
neutrons  can  be  extracted.  The  spectral 
curve  shows  the  variation  of  counting  rate, 
or  number  of  neutrons  counted  per  minute, 
in  the  beam  diffracted  by  a  single  crystal  of 
calcium  fluoride  set,  successively,  to  reflect 
various  wavelengths.  It  is  clear  that  the 
spectrum  is  "white,"  resembling  a  beam  of 
white  x-rays  without  the  superposition  of  any 
characteristic  radiation. 
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The  neutron  beam  from  the  pile  impinges 
on  a  crystal  which  is  amply  large  enough  to 
receive  the  whole  of  the  beam,  and  the  count- 
ing rate  is  recorded  for  various  values  of  0. 
At  any  particular  angle  neutrons  will  be  re- 
flected into  the  counter  if  they  lie  within  a 
Email  band  of  wavelength  centered  about  a 
value  X,  satisfying  the  Bragg  equation 


X  «•  2d  sin  0, 


(4; 


where  d  is  the  interplanar  spacing  of  planes 
parallel  to  the  crystal  surface. 

By  suitable  choice  of  the  angle  6,  a  beam 
of  neutrons  of  any  desired  wavelength  can 
be  separated  out  by  the  crystal  and  is  then 
available  for  diffraction  by  a  specimen 
placed  in  the  position  occupied  by  the  coun- 
ter. Actually,  then,  the  neutron  spectrom- 
eter operates  principally  as  a  monochroma- 
tor. 

In  comparing  the  above  method  of  pro- 
ducing a  "monochromatic"  neutron  beam 
with  the  familiar  use  of  a  monochromator 
for  producing  crystal-reflected  x-rays,  an 
important  difference  must  be  emphasized. 
In  the  latter  case  the  reflected  radiation 
comprises  solely  a  single  line  or  close  doublet 
of  the  x-ray  spectrum,  for  example,  the 
copper  Ka  line,  the  monochromator  separat- 
ing this  line  from  the  general  range  of  wave- 
lengths which  constitute  the  background  of 
white  radiation.  In  the  neutron  case  there  is 
no  equivalent  of  the  line  spectrum  and  the 
monochromator  merely  selects  a  band  of 
wavelengths.  The  width  of  this  band  of 
wavelengths  is  determined  largely  by  the 
angle  of  divergence  in  the  horizontal  plane 
of  the  incident  beam  from  the  collimator. 
In  practice  this  angle  has  to  be  relatively 
large,  amounting  to  db%°  in  many  cases,  in 
order  to  give  adequate  counting  rates,  with 
the  result  that  the  wavelength  band  is  of  the 
order  of  0.05  A  in  width.  This  width  is  one 
of  the  factors  which  limits  the  resolution 
which  can  be  obtained  in  the  diffraction 
patterns,  particularly  at  the  larger  values  of 
the  Bragg  angle. 
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It  will  be  clear  that,  in  principle,  the 
production  of  a  monochromatic  beam  of  neu- 
trons, as  briefly  described  above,  has  simi- 
larities to  the  production  of  crystal-reflected 
x-rays;  however,  it  is  when  the  physical 
sizes  of  the  two  sets  of  apparatus  are  con- 
sidered that  it  is  realized  that  the  details  of 
the  two  diffraction  techniques  will  be  quite 
different.  The  intensity  of  the  neutron  beam 
which  can  be  obtained  from  an  atomic  pile 
is  greater  by  some  orders  of  magnitude  than 
that  from  a  radium-beryllium  source.  Never- 
theless, in  comparison  with  the  number  of 
quanta  in  the  x-ray  beams  from  orthodox 
diffraction  tubes,  and  the  efficiency  with 
which  they  can  be  detected,  it  is  effectively 
a  very  weak  beam.  Consequently  a  beam  of 
large  cross-section  has  to  be  used,  collima- 
tion  can  only  be  relatively  poor,  specimen 
dimensions  are  in  inches  rather  than  milli- 
meters, and  in  place  of  the  usual  x-ray 
camera,  which  is  some  inches  in  diameter, 
we  require  the  neutron  spectrometer  to  be 
measured  in  feet.  It  is  indeed  fortunate  that 
the  absorption  coefficients  of  most  materials 
for  neutrons  are  low,  otherwise  it  would  not 
be  possible  to  use  the  large  samples  which 
are  essential  in  order  to  give  adequately 
large  diffracted  intensities.  Massive  shielding 
with  borated  paraffin,  lead  or  cadmium  is 
essential  for  protecting  both  the  operator 
and  the  detecting  apparatus  from  the  main 
beam  of  neutrons  and  7-radiation  which 
emerges  from  the  collimator.  Only  1  per  cent 
or  so  of  this  mixed  radiation,  namely,  thermal 
neutrons  having  wavelengths  within  a  nar- 
row band,  is  reflected  by  the  monochromator 
and  subsequently  used  in  the  neutron  dif- 
fraction measurements.  Practically  the  whole 
of  the  emerging  beam  is  undeviated  by  the 
monochromator  and,  unless  steps  were  taken 
to  prevent  this,  would  undergo  scattering  by 
air  molecules  and  any  solid  matter  in  its 
path. 

Normally  the  neutron  beam   emerging 
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from  the  pile  will  have  dimensions  of  the 
order  of  an  inch  square,  in  order  to  provide 
adequate  diffracted  intensities  but  without 
requiring  the  diffracting  specimen  and 
counter  to  be  of  impracticable  size. 

The  diffracted  neutrons  from  a  known 
crystal  analyzer  (spectrometry),  or  a  single 
crystal  or  powder  undergoing  analysis  (dif- 
f ractometry)  are  received  in  a  counter  which 
can  be  rotated  about  the  center  of  the  spec- 
trometer. In  the  majority  of  the  experi- 
mental work  carried  out  so  far  this  has  been 
a  proportional  counter  filled  with  boron 
trifluoride  enriched  in  the  boron  isotope  of 
mass  10.  Such  cylindrical  counters  have  been 
described  in  detail  by  Fowler  and  Tunni- 
cliffe  (1950)  ?  To  obtain  an  adequate  count- 
ing efficiency  it  is  essential  to  use  the  highly 
absorbing  boron  isotope  B10.  Even  then  it  is 
necessary  to  use  a  counter  about  2  feet  in 
length  in  order  to  get  a  counting  efficiency 
as  high  as  80  per  cent.  The  diameter  of  the 
counter  must  be  about  2  inches  in  order  to 
receive  the  diverging  beam  adequately. 
When  a  counter  of  this  size  is  surrounded 
by  a  sufficient  thickness  of  shielding  mate- 
rial, consisting  in  practice  of  perhaps  4 
inches  of  borated  paraffin  or  layers  of  par- 
affin and  boron  carbide,  the  completed 
counter  assembly  weighs  about  200  pounds. 
Consequently  the  conventional  neutron  spec- 
trometer is  not  only  large  in  dimensions  but 
massive  in  construction. 

In  operation  the  counter  arm  of  the  spec- 
trometer may  be  rotated  manually  or  auto- 
matically at  a  very  slow  speed  under  the 
power  of  an  electric  motor.  The  method  of 
counting  will  depend  on  the  particular  in- 


vestigation. The  counter  impulses,  after 
amplification  and  passage  through  a  dis- 
criminating circuit  which  rejects  the  small 
pulses  due  to  7-radiation,  may  be  fed  to 
scaling  units  or  to  a  ratemeter.  In  some 
cases  point  to  point  counting  for  a  selected 
time  interval  may  be  carried  out  at  succes- 
sive positions  of  the  counter  arm,  the  indi- 
vidual counts  being  recorded  by  some  auto- 
matic printing  device.  Alternatively,  the 
counter  arm  may  be  rotated  continuously 
and  a  ratemeter  output  fed  to  a  pen  recorder. 
In  either  case  it  is  found  in  practice  that  the 
recording  of  the  diffraction  pattern  has  to  be 
done  very  slowly  :  to  record  a  pattern  up  to  a 
Bragg  angle  6  of  45°,  entailing  a  90°  travel 
of  the  counter  arm,  will  usually  occupy  about 
12  hours.  The  slow  rate  of  recording  is  a 
consequence  of  the  weakness  of  the  dif- 
fracted peaks  and  the  appreciable  intensity 
of  the  background.  At  any  point  counting 
has  to  be  carried  out  for  a  sufficient  length 
of  time  for  the  statistical  fluctuations  in  the 
rate  of  arrival  of  the  neutrons  at  the  counter 
not  to  be  important. 
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ANALYTICAL  APPLICATIONS 

General  Characteristics.  The  charac- 
teristics of  nuclear  magnetic  resonance  spec- 
trometry  (NMR)  make  it  very  well  suited  to 
the  solution  of  certain  analytical  problems 
which  can  be  solved  only  with  difficulty,  if 
at  all,  by  other  available  analytical  methods. 
The  advantages  of  NMR  for  these  pre- 
ferred analytical  problems  are  greater  speed, 
greater  certainty  of  identification  of  the 
functional  groups,  or  greater  ease  of  sample 
handling.  The  current  and  potential  applica- 
tions of  this  technique  will  be  outlined  in 
this  article,  with  references  to  key  literature 
articles  which  can  provide  the  basis  for 
further  study. 

NMR  spectrometry  is  reasonably  sensi- 
tive, in  that  a  number  of  isotopes  are  meas- 
urable in  concentrations  of  1.0%  or  less. 
Sensitivity  varies  with  the  magnetic  prop- 
erties of  the  isotope  and,  under  some  condi- 
tions, is  limited  by  the  isotope's  environ- 
ment. Liquid  samples  provide  the  best 
signals,  although  gaseous  and  solid  samples 
are  sometimes  satisfactory  for  the  most 
easily  observable  isotopes.  The  technique  is 
not  suitable  for  trace  analysis  where  concen- 
trations are  in  the  ppm  range. 

The  method  is  relatively  fast,  requiring 
10-30  minutes  per  sample.  This  gives  it  a 
decided  time  advantage  over  the  usually 
slower  chemical  methods,  and  in  many  cases 
a  decided  advantage  over  those  physical 
methods  which  require  either  lengthy  run- 
ning times,  such  as  gas  chromatography,  or 
lengthy  and  involved  computation,  such  as 
mass  spectrometry. 

Good  quantitative  precision  and  accuracy 
are  achieved  when  proper  instrumentation  is 
employed  or  when  proper  ^corrections  are 
applied.9  For  instance,  with  care,  the  total 
hydrogen  content  of  a  sample  can  be  meas- 
ured with  a  standard  deviation  of  0.2  wt.  per 
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cent  on  the  sample,  at  a  level  of  10  %,  while 
relative  hydrogen  distribution  (at  high  reso- 
lution) can  be  measured  with  a  standard 
deviation  of  5.0%  of  the  amount  present  as 
each  type. 

NMR  spectrometry  is  non-destructive  to 
the  sample.  This  is  very  important  where 
limited  amounts  of  sample  are  available  and 
it  is  desired  to  retain  the  sample  for  addi- 
tional work.  Furthermore,  the  normal  sample 
container  is  a  cylindrical  glass  tube  which 
can  be  sealed.  This  means  that  materials 
which  are  highly  reactive  in  the  presence  of 
air  or  water,  or  which  are  highly  susceptible 
to  contamination,  can  be  sealed  in  inert 
atmospheres  or  under  vacuum  and  can  re- 
main so  sealed  throughout  the  NMR  study. 

Wide  Line  Spectra.  NMR  spectrometry 
is  usually  divided  into  two  categories,  wide 
line  and  high  resolution.  Wide  line  spectra 
are  those  in  which  the  observed  width  of  the 
resonance  line  is  as  large  or  larger  than  the 
major  resonance  shifts  caused  by  differences 
in  the  chemical  environment  of  the  observed 
nucleus.  This  type  of  spectrum  gives  in- 
formation concerning  the  concentration  and 
physical  environment  of  the  observed  nu- 
cleus, but  does  not  give  information  concern- 
ing its  chemical  environment.  The  wide  line 
technique  is  applicable  to  all  isotopes  ob- 
servable by  NMR.  It  is  applicable  to  solid, 
liquid,  or  gaseous  samples,  although  liquids 
are  usually  preferable.  Sample  volumes  re- 
quired vary  from  about  0.1  to  50  cc,  depend- 
ing on  the  type  of  instrument  used  and  the 
sensitivity  needed. 

The  Larmor  precession  frequency,  which 
is  a  function  of  the  magnetic  moment  and 
spin  quantum  number  of  the  isotope  as  well 
as  a  function  of  the  magnetic  field,  is  used  to 
identify  the  isotope  being  observed.  Am- 
biguities may  arise  in  some  cases,  but  in 
general  this  frequency  is  indicative  of  specific 
isotopes. 
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Under  proper  instrumental  conditions  the 
area  under  the  absorption  band  is  directly 
proportional  to  the  number  of  atoms  of  the 
observed  isotope  in  the  effective  sample 
volume.  The  proportionality  constant  varies 
with  instrumental  factors,  but  does  not  vary 
with  the  chemical  or  physical  environment 
of  the  isotope.  This  means  that  quantitative 
measurements  of  the  observable  isotopes  re- 
quire calibration  with  only  a  single  standard 
for  each  isotope,  eliminating  the  need  for 
determining  absorptivities  for  individual 
compounds  and  individual  environments. 
This  gives  NMR  a  marked  advantage  over 
the  spectrometric  techniques  which  do  re- 
quire the  detailed  absorptivity  measure- 
ments. 

Precision  and  accuracy  of  the  NMR  meas- 
urements are  limited  by  those  environ- 
mental factors  which  broaden  the  resonance 
excessively  and  thus  seriously  reduce  the 
signal-to-noise  ratio.  Such  broadening  can 
be  caused  by  severely  restricted  molecular 
motion,  paramagnetic  properties  of  the 
sample,  electric  quadrupolar  effects,  and 
critical  collision  frequencies.  These  adverse 
environments  are  encountered  more  fre- 
quently in  solids  and  gases  than  in  liquids. 

Wide  line  NMR  is  potentially  capable  of 
determining  the  concentrations  of  a  sizeable 
number  of  the  elements.  It  is  limited  by  the 
natural  abundance  and  resonance  character- 
istics of  the  observable  isotope.  In  general, 
only  those  isotopes  which  contain  odd  num- 
bers of  protons  in  their  nuclei  are  observable, 
but  some  exceptions,  like  beryllium,  may 
have  an  even  number  of  protons  and  an  odd 
number  of  neutrons.  Isotopes  with  even  num- 
bers of  both  protons  and  neutrons  do  not 
have  magnetic  moments  and  are  not  observ- 
able by  this  technique. 

The  width  and  shape  of  the  resonance 
line  may  indicate  the  physical  environment 
of  the  isotope.  The  multiplicity  of  spectral 
peaks  resulting  from  dipole-dipole  interac- 
tion in  solids  has  been  used  to  determine 
the  arrangement  of  atoms  in  solids.1  »chap*6 


The  width  of  the  resonance  line  is  indicative 
of  the  degree  of  motional  freedom  of  the 
isotope  in  the  physical  environment  in  which 
it  is  located.7  This  is  useful  for  determining 
the  degree  of  "crystallinity"  of  polymers,  for 
determining  water  or  hydrocarbons  ad- 
sorbed on  solids,  and  for  solving  similar 
problems  where  there  are  wide  differences 
in  the  degree  of  motional  freedom  of  the 
observed  atoms.  An  example  of  this  is  in- 
dicated in  Figure  1  in  which  the  appearance 
of  the  derivative  wide  line  spectra  of  poly- 
olefin  samples  of  three  different  degrees  of 
crystallinity  are  portrayed.  Relatively  free 
internal  motion  in  sample  A  results  in  a 
relatively  sharp  resonance,  while  highly  re- 
stricted internal  motion  in  sample  C  results 
in  a  broad  resonance.  Materials  which  con- 
tain both  relatively  free  and  relatively  re- 
stricted motional  conformations  produce  the 
combined  sharp  and  broad  lines  indicated  in 
B.  These  can  be  resolved  into  measurements 
which  indicate  the  relative  percentages  of  the 
hydrogen  atoms  involved  in  the  free  and 
restricted  rotational  conformations. 

Changes  in  motional  freedom  with  changes 
in  composition,  temperature,  pressure,  and 
other  environmental  factors  can  also  be 
studied  by  observing  changes  in  line  width 
and  shape.  Such  data  provide  insight  into 
the  physical  structure  of  polymeric  mate- 
rials, especially  when  combined  with  other 
measurements  of  the  properties  of  these 
materials. 

High  Resolution  Spectra.  High  resolu- 
tion spectra  are  those  in  which  the  observed 
widths  of  the  resonance  lines  are  smaller 
than  the  major  resonance  shifts  caused  by 
differences  in  the  chemical  environment  of 
the  observed  nucleus.  This  type  of  spectrum 
supplies  unique  information  about  the  dis- 
tribution of  an  isotope  according  to  its  chem- 
ical environment  and  is,  therefore,  of  great 
importance  in  the  determination  of  molecu- 
lar structure. 

The  high  resolution  technique  can  be 
applied  to  only  a  limited  number  of  isotopes. 
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A  Low  Gysta///rafy 


B  Medium  Crystallirvty- 


C  Hgh  Crystallinity 


FIG.  1.  Derivative  wide  line  NMR  spectra  of  olefin  polymers  of  differing  cryetallinities.  Determined 
by  L.  Westerman. 


Those  which  have  been  observed  successfully 
to  date  are  BP,  F19,  P*1,  B11,  N14,  Cw,  O17, 
Si29,  Co89,  Pb207.*  Isotopes  which  cannot  be 
observed  directly  may  often  be  observed 
indirectly  by  their  effect  on  the  resonances 
of  observable  isotopes  with  which  they  are 
intramolecularly  associated.  This  is  particu- 
larly true  in  the  case  of  unobservable  iso- 
topes associated  with  BP. 

An  outstanding  advantage  of  high  resolu- 
tion NMR  is  its  simplified  calibration  re- 
quirements. As  with  wide  line  NMR,  inten- 
sity calibration  for  individual  compounds  is 
unnecessary.  If  the  relative  concentrations 
of  an  isotope  in  various  chemical  environ- 
ments is  adequate  information,  it  is  not  even 
necessary  to  determine  the  sensitivity  of  the 
instrument  to  the  isotope  being  observed. 
Chemical  shift  calibration  can  be  entirely 
indirect.  This  means  that  it  is  not  necessary 
to  use  the  precise  compound  being  investi- 
gated for  chemical  shift  calibration.  It  is 
only  necessary  to  observe  the  functional 
groups  of  interest  in  any  convenient  com- 
pounds which  may  be  available.  These  two 
factors  are  of  tremendous  importance  in  the 
investigation  of  the  structure  of  compounds 
which  have  not  been  prepared  before,  or  in 
the  determination  of  the  functional  groups 
present  in  mixtures  which  cannot  be  sep- 
arated for  calibration  purposes. 
The  sample  volume  required  for  high 


resolution  spectrometry  is  about  0.01-0.5  cc 
for  the  most  important  isotopes.  This  is 
somewhat  larger  than  is  required  for  gas 
chromatography,  mass  spectrometry,  and 
some  infrared  observations,  but  is  still  rea- 
sonably small  and  makes  the  technique  use- 
ful for  observation  of  gas  chromatographic 
cuts  and  other  small  samples.  For  practical 
purposes,  the  sample  must  be  a  liquid  of  low 
viscosity  when  observed,  although  gases  can 
be  observed  with  considerable  sacrifice  in 
signal-to-noise  ratio.  This  means  that  solid 
materials  must  be  liquified  by  melting  or  by 
solution  in  suitable  solvents,  and  viscous 
liquids  must  be  diluted  or  heated  to  reduce 
viscosity. 

A  typical  high  resolution  NMR  spectrum 
is  presented  in  Figure  2.  This  spectrum  is  a 
recording  of  absorption  amplitude  vs.  ap- 
plied magnetic  field  strength  at  constant 
frequency.  Strength  of  the  applied  magnetic 
field  increases  from  left  to  right.  This  spec- 
trum indicates  the  key  features  of  high  reso- 
lution spectra  which  are  useful  in  the  iden- 
tification and  quantitative  determination  of 
functional  groups. 

One  of  the  most  important  features  of  high 
resolution  spectra  is  the  chemical  shift, 
which  is  a  function  of  the  chemical  environ- 
ment of  the  observed  nucleus.  It  is  caused  by 
secondary  magnetic  fields  set  up  by  several 
types  of  electronic  currents  induced  into  the 
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FIG.  2.  High  resolution  H>  spectrum  of  methyl  para-toluate  determined  at  60  megacycles. 


molecule  by  the  applied  magnetic  field,  and 
it  is  directly  proportional  to  applied  field 
strength.  It  is  also  proportional  in  part  to 
the  density  of  the  electron  cloud  surrounding 
the  observed  nucleus.  The  chemical  shift  is 
measured  from  an  arbitrary  zero  point 
which,  in  Figure  2,  is  the  resonance  position 
of  benzene  used  as  an  internal  standard. 
In  order  to  make  chemical  shifts  convertible 
from  one  frequency  to  another  without 
change  in  values,  the  shifts  are  expressed  in 
dimensionless  units,  such  as  the  "parts  per 
million"  used  for  the  upper  scale  of  Figure  2. 
The  chemical  shift  of  a  given  resonance, 
then,  is  the  displacement  in  terms  of  the 
dimensionless  units  from  the  resonance  posi- 
tion of  the  reference  material  to  the  charac- 
teristic resonance  position  of  the  functional 
group  of  interest.  The  characteristic  reso- 
nance position  is  that  position  which  would 
be  occupied  by  the  resonance  of  the  func- 


tional group  if  it  produced  only  a  single 
peak.  In  Figure  2  hydrogen  groups  c  and  d 
produce  only  one  peak  each  so  that  their 
chemical  shifts  are  measured  directly  on  the 
upper  scale  as  3.50  and  5.03  ppm,  respec- 
tively. Measurement  of  the  chemical  shifts 
of  the  other  two  hydrogen  types  requires  a 
detailed  knowledge  of  the  characteristics  of 
the  spin-spin  multiplets  produced. 

A  second  key  feature  of  high  resolution 
NMR  spectra  is  spin-spin  multiplicity.  This 
is  caused  by  indirect  coupling  of  nuclear 
magnetic  moments  through  the  bonding 
electrons.  It  is  usually  strongest  in  nuclei 
which  are  bonded  together,  and  is  attenu- 
ated rapidly  with  increasing  numbers  of 
bonds  between  nuclei.  The  number  and  the 
relative  intensities  of  the  peaks  are  functions 
of  the  number,  the  nuclear  spin  quantum 
number,  and  the  ratio  of  coupling  constant 
to  chemical  shift  of  the  coupled  nuclei.2*  4» e 
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These  characteristics  of  spin-spin  multiplets 
provide  additional  information  concerning 
the  spatial  positions  of  the  atoms  in  the  mole- 
cule. In  Figure  2,  the  pair  of  doublets  pro- 
duced by  hydrogen  types  a  and  b  indicate 
that  these  two  types  of  protons  are  coupled 
together  in  pairs,  and  that  the  two  pairs  are 
identical. 

The  intensity  of  an  entire  resonance  band, 
but  not  the  intensities  of  the  individual 
peaks  within  the  band,  is  directly  propor- 
tional to  the  number  of  atoms  of  the  observed 
isotope  in  the  effective  sample  volume  when 
proper  instrumentation  and  techniques  are 
used  or  when  proper  corrections  are  applied.9 
This  makes  it  possible  to  determine  the  rela- 
tive number  of  atoms  of  the  observed  isotope 
which  are  present  in  each  of  the  observed 
chemical  environments. 

High  Resolution  NMR  of  H1.  H1  is  the 
most  important  and  most  extensively  studied 
isotope  for  a  number  of  reasons.  It  is  the 
most  eastily  detected  stable  isotope  observed 
(only  E?  has  higher  NMR  sensitivity).  Its 
chemical  shifts  and  its  spin-spin  couplings 
follow  regular  and  predictable  patterns,  and 
it  is  possible  to  associate  a  given  functional 
group  with  a  relatively  narrow  region  of  the 


total  H1  chemical  shift  spectrum.  This  makes 
it  possible  to  identify  hydrogen-containing 
functional  groups  with  a  TYIITIJTYIUTYI  of  am- 
biguity and  uncertainty.  Since  hydrogen 
occurs  in  most  organic  compounds,  the 
resonance  of  this  isotope  is  useful  for  the 
study  of  most  organic  compounds.  On  the 
debit  side,  H1  has  the  smallest  range  of  chem- 
ical shifts  (about  15  ppm),  which  requires 
the  highest  quality  of  equipment  and  the 
highest  operating  skill.  The  resonance  lines 
are  usually  sharp  except  when  motion  is 
restricted,  but  the  small  chemical  shift  fre- 
quently prevents  complete  resolution,  and 
makes  interpretation  and  quantitative  meas- 
urement more  difficult. 

Perhaps  the  most  obvious  use  for  H1  NMR 
spectra  is  the  determination  of  functional 
groups  present  in  and  the  structure  of  hy- 
drogen-containing molecules.  A  prerequisite 
to  this  type  of  work  is  detailed  data  corre- 
lating hydrogen-containing  functional  groups 
with  chemical  shift.  These  data  may  be  pre- 
sented in  a  shift  chart  such  as  shown  in 
Figure  3.  Data  of  this  type  for  a  wide  variety 
of  hydrocarbons  and  their  derivatives  have 
been  published.4'8  Detailed  discussions  of 
the  application  of  high  resolution  NMR 
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FIG.  3.  Hydrogen  magnetic  resonance  chemical  shifts  of  alkyl  benzenes. 
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spectra  to  the  determination  of  molecular 
structure  are  also  available.4' 6  NMR  does 
not  replace  any  of  the  other  spectrometric 
methods  in  this  work,  but  rather  supplies 
unique  and  complementary  information 
which  makes  possible  positive  identification 
of  functional  groups  or  of  structural  features 
which  would  not  otherwise  be  possible  at 
present.  It  also  speeds  up  the  identification 
of  functional  groups  which  can  be  deter- 
mined only  with  difficulty  by  other  methods. 
Thus  it  is  a  very  valuable  addition  to  spec- 
trometric techniques. 

Identification  and  quantitative  measure- 
ment of  hydrogen-containing  functional 
groups  can  be  made  for  mixtures  as  well  as 
for  pure  compounds.  This  permits  study  of 
changes  in  the  nature  and  concentrations  of 
functional  groups  in  mixtures.  It  sometimes 
makes  it  possible  to  determine  quantita- 
tively the  amounts  of  individual  compounds 
present,  giving  a  complete  multicomponent 
analysis  of  the  mixture.8' 10 

Another  type  of  analysis  of  mixtures, 
characterization,  is  intermediate  between 
qualitative  functional  group  identification 
and  complete  multicomponent  analysis.11 
Characterization  leads  to  the  determination 
of  the  structure  of  the  average  molecule  in 
the  mixture,  and  gives  one  an  insight  into 
the  types  of  reactions  which  may  have  led 
to  this  kind  of  structure  and  to  the  uses  to 
which  such  a  mixture  might  be  put.  Char- 
acterizations of  alkyl  aromatics  can  deter- 
mine the  average  number  of  aromatic  rings 
per  molecule  and  the  average  number, 
length,  and  branchiness  of  the  alkyl  chains. 
Such  information  can  often  be  of  vital  im- 
portance in  the  study  of  aromatic  fractions 
for  which  determination  of  individual  com- 
ponents is  difficult.  For  mixtures  of  olefins, 
characterization  determines  the  relative 
amounts  of  hydrogen  on  the  olefinic  carbons 
and  on  the  non-olefinic  carbons.  This  can 
sometimes  be  interpreted  as  the  average 
number  of  double  bonds  per  alkyl  chain,  and 


at  times  will  indicate  the  relative  amounts 
of  terminal  and  non-terminal  olefins  present 
in  the  sample.  For  mixtures  of  saturates, 
characterization  determines  the  ratio  of 
methyl  to  non-methyl  hydrogens.  This  leads 
to  a  value  of  the  average  molecular  weight 
of  normal  paraffins,  and  to  a  measure  of  the 
branchiness  of  branched  chain  paraffins. 
Branchiness  has  been  found  to  be  correlat- 
able  with  naphthene  ring  content  and  vis- 
cosity index  of  petroleum  fractions. 

Kinetic  studies  involving  the  appearance 
or  disappearance  of  key  functional  groups 
are  obviously  relatively  easy  to  perform, 
and  since  they  can  be  performed  in  sealed 
tubes,  it  is  easy  to  insure  that  the  materials 
being  studied  do  not  become  contaminated 
and  do  not  lose  any  components  by  vaporiza- 
tion during  the  course  of  the  study.  The 
kinetics  and  thermodynamics  of  hydrogen 
bonding  and  exchange  reactions  and  intra- 
molecular rotational  phenomena  can  be 
studied  quite  readily  by  NMR.8  In  such  cases 
it  is  usually  necessary  to  study  the  changes 
in  the  NMR  spectra  with  temperature. 

Other  Isotopes.  Another  isotope  which 
has  been  extensively  and  successfully  studied 
by  high  resolution  NMR  spectrometry  is 
F19.  The  resonance  of  this  isotope  can  poten- 
tially supply  the  same  kinds  of  information 
as  that  derived  from  H1  resonance,  but  in- 
terpretation of  the  F19  spectra  is  more  diffi- 
cult. It  is  expected  that  interpretation 
difficulties  will  be  reduced  as  more  data 
become  available,  and  that  F19  resonance  will 
play  an  important  part  in  the  study  of  flu- 
orine-containing compounds.  The  resonance 
of  P81  has  also  been  studied  and  found  to  be 
quite  valuable  for  the  study  of  phosphorus 
compounds.  The  resonance  of  B11,  although 
not  extensively  studied  to  date,  appears  to 
be  quite  useful  for  the  determination  of  the 
structure  of  boron  compounds,  particularly 
the  boranes.  The  resonances  of  NM,  N15,  C18, 
O17,  Si29,  Co59,  and  Pb207  have  not  been  stud- 
ied extensively  to  date,  either  because  their 
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usefulness  is  limited  by  low  natural  abun- 
dance or  by  difficulty  of  observation,  or 
because  there  simply  has  not  been  much 
demand  for  the  information  that  these 
resonances  can  supply.  There  are  other  iso- 
topes which  can  be  observed  by  NMR,  but 
it  has  not  yet  been  reported  whether  any 
more  of  these  isotopes  can  be  observed  by 
high  resolution.  It  is  expected  that  addi- 
tional useful  isotopes  will  be  studied  in  the 
future.  A  comprehensive  review  of  the  high 
resolution  NMR  data  from  all  isotopes 
studied  so  far  has  been  published  by  Brown- 
stein.8 
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INSTRUMENTATION  AND  THEORY.* 

When  atomic  nuclei  for  which  the  proton, 
H1  is  simplest  and  best  known  example, 
are  placed  in  a  constant  magnetic  field  of 
high  intensity  and  subjected  at  the  same 
time  to  a  radio-frequency  alternating  field, 
a  transfer  of  energy  takes  place  between  the 
high-frequency  field  and  the  nucleus  to  pro- 
duce a  phenomenon  known  only  since  1946 
as  nuclear  magnetic  resonance  (NMR).  The 
discovery,  made  simultaneously  for  protons 
by  Edward  Purcell  and  associates  (9)  at 
Harvard  University  and  Felix  Bloch  and 
associates  (4)  at  Stanford  University  was 
recognized  by  award  of  the  Nobel  prize  in 
physics  jointly  in  1952.  Spectra  due  to  NMR 
result  from  many  atomic  nuclei  having  spin 
angular  momentum,  characterized  by  a 
quantum  number  I  =  n/2,  where  n  is  0  or 
an  integer  which  must  be  determined  for  a 
given  nucleus.  The  circulation  of  positive 
charge  associated  with  the  spin  of  the  nu- 
cleus causes  it  to  possess  a  magnetic  moment 
directed  along  its  axis  of  spin  expressed  by 
0|8[I(I  +  1)]1/2,  where  ft  is  the  nuclear  mag- 
neton and  g  is  a  nuclear  factor  found  by 
experiment. 

If  a  nucleus  is  placed  in  a  uniform  mag- 
netic field,  Ho ,  it  experiences  a  torque,  with 
the  result  that  it  processes  about  the  applied 
field,  analogous  to  the  precession  of  a  gyro- 
scope spinning  in  the  earth's  gravitational 
field.  The  component  of  magnetic  moment 
in  the  direction  of  Ho  is  quantized,  so  that 
the  various  energy  levels  correspond  to  dif- 
ferent orientations  of  the  nuclear  magnet 
with  respect  to  JTo  •  The  Tna-TnTrmm  allowed 
component  of  magnetic  moment  is  desig- 

*  Abridged  from  an  article  by  the  same  author 
in  "Encyclopedia  of  Chemistry  Supplement," 
Reinhold,  N.  Y.,  1968,  p.  198. 
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nated  MJ  the  magnetic  moment  of  the  nu- 
cleus. 

If  a  system  of  nuclei  in  a  magnetic  field  is 
exposed  to  radiation  of  frequency  j>o  such 
that  the  energy  of  a  quantum  of  radiation, 
hvo ,  is  exactly  equal  to  the  energy  difference 
between  two  adjacent  nuclear  energy  levels, 
then  energy  transitions  may  occur  in  which 
the  nuclei  may  be  pictured  as  flipping  back 
and  forth  from  one  allowed  orientation  to 
another.  A  quantum  of  energy  is  equally 
likely  to  tip  a  nucleus  in  either  direction,  so 
that  there  is  a  net  absorption  of  energy  from 
the  radiation  only  when  the  number  of  nuclei 
in  one  energy  level  exceeds  the  number  in 
another,  as  would  occur  if  the  nuclei  were  in 
thermal  equilibrium  with  surroundings  ac- 
cording to  a  Boltzmann  distribution. 

Under  these  conditions  a  nuclear  magnetic 
resonance  spectrum  is  observed,  the  lines 
corresponding  to  energies  required  to  flip 
the  nuclei  among  allowed  orientations  in  the 
magnetic  field.  The  radiation  required  lies 
in  the  radio-frequency  region  at  frequencies 
of  the  order  of  100  kilocycles  to  40  mega- 
cycles (wave  lengths  3000  and  7.5  meters, 
respectively).  For  example,  for  protons  in  a 
magnetic  field  of  10,000  gauss,  radiation  of 
42.6  Me/sec  is  required.  As  there  is  a  linear 
relation  between  the  resonance  frequency, 
?o ,  and  the  magnetic  field  Ho ,  NMR  spectra 
may  be  expressed  as  intensity  of  absorption 
plotted  against  ?o  at  fixed  Ho  or  against  ffo 
at  fixed  VQ .  Generally  the  resonance  of  a 
substance  is  measured  in  terms  of  the  pre- 
cession speed  at  which  the  nuclei  flip  over. 
Instead  of  tuning  into  the  resonance  by 
varying  the  frequency  of  the  rotating  mag- 
netic field,  the  frequency  is  fixed  and  the 
main  magnetic  field  which  controls  pre- 
cession speed  is  varied;  when  the  nuclei  flip 
the  resonance  reading  is  taken  as  the  strength 
of  the  magnetic  field  in  gauss  or  oersteds  at 
that  point. 

The  apparatus  for  NMR  experiments  is 
relatively  simple  and  comprises  a  large  mag- 
net and  electronic  equipment  to  generate  rf 


radiation  and  to  measure  its  absorption  by 
the  sample.  A  simplified  block  diagram  is 
shown  in  Fig.  1.  Excellent  commercial  NMR 
apparatus  is  now  available.  A  surprisingly 
large  and  growing  list  of  applications  of 
NMR  can  be  only  briefly  indicated.  Ana- 
lytical applications  are  ably  discussed  in  the 
companion  article  by  N.  F.  Chamberlain. 

(1)  Fundamental  measurements  of  nuclear 
moments.    Complications   and   interactions 
which  may  limit  the  accuracy  of  measure- 
ment actually  lead  to  other  valuable  applica- 
tions as  noted  later. 

(2)  The  location  of  hydrogen  atoms  in 
solids.  A  solid  containing  pairs  of  hydrogen 
nuclei  such  as  a  salt  hydrate  will  give  a 
resonance  spectrum  in  the  form  of  a  doublet, 


FIG.  1.  1.  A  magnet  in  which  the  gap  field  H  can 
be  changed  from  zero  up  to,  say  10,000  gauss; 
2.  low-power  radio  transmitter  which  supplies  r-f 
energy  to  3.  a  small  transmitter  coil  placed  in  the 
magnet  gap  as  shown;  4.  a  small  receiver  coil  which 
is  located  within  the  transmitter  coil  and  which 
surrounds  5.  a  "Pyrex"  test  tube  containing  a  sam- 
ple of  ordinary  water;  6.  a  sensitive  radio  receiver 
(tuned  to  the  same  frequency  as  the  transmitter) 
and  capable  of  amplifying  any  signal  which  might 
be  induced  in  the  receiver  coil,  and  7.  an  indicator 
such  as  a  graphic  recorder,  oscillograph  or  volt- 
meter, which  can  register  the  presence  of  such 
signals. 
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corresponding  to  effective  magnetic  fields 
Ho  +  #100  and  Ho  —  #ioc  (where  jffioc  is 
the  weak  local  magnetic  field  generated  by  a 
hydrogen  nucleus).  A  triangular  configura- 
tion of  nuclei  with  3  peaks,  tetrahedral  with 
flat-topped  curves,  etc.  indicates  that  the 
shape  of  the  spectral  curve  can  be  used  to 
identify  nuclear  configurations,  and  the 
internuclear  distances,  especially  useful  for 
hydrogen  atoms  which  cannot  be  located  by 
x-ray  diffraction  analysis  for  example. 

(3)  The  type  of  bond-ionic  or  non-ionic  in 
the  solid  state.  This  is  illustrated  by  boron 
trifluoride  dihydrate  which  in  the  liquid 
state  is  ionized  about  20%  according  to 
BF8  •  2H20  ^±  [BFsOH]-  +  HS0+  As  crystals 
the  NMR  spectrum  would  display  a  doublet 
if  non-ionized  for  the  pair  of  protons  in  the 
water  and  a  triplet  for  the  ionized  state  with 
an  intense  central  mflarirmiTyn  due  to  the  iso- 
lated hydrogen  in  pBFaOHh  ion.  The  first 
is  found  to  be  true;  the  opposite  is  true 
(completely  ionic)   for  crystalline  HN(V 
H20.  In  glasses  of  both  compounds  formed 
by  rapid  cooling  of  the  liquids,  both  non- 
ionized  and  ionized  molecules  are  found. 

(4)  Bond  lengths.  The  mean  square  width 
of  the  absorption  curves  is  related  to  the  sum 
of  the  inverse  sixth  powers  of  the  internu- 
clear distances  in  the  crystal.  This  has  made 
it  possible  to  measure  bond  lengths  to  hy- 
drogen in  NH4+,  PH4+,  BH4-  and  NH2~, 
and  hydrogen  bonds  in  HF2~,  hydrazine 
fluoride,  and  other  cases. 

(5)  Quadrupok  interactions.  Nuclei  with 
spin  quantum  numbers  greater  than  %  pos- 
sess usually  an  electric  quadrupole  moment 
as  well  as  a  magnetic  dipole  moment,  arising 
from    aspherical    distribution    of    positive 
charge  over  the  nucleus  (oblate  or  prolate 
spheroid).  The  result  may  be  several  ab- 
sorption lines  instead  of  only  one,  the  separa- 
tion between  the  nuclear  resonance  lines 
permitting  calculation  of  the  quadrupole 
interaction  as  the  product  of  the  electric 
field  gradient  at  the  nucleus  and  the  nuclear 
electric  quadrupole  moment.  Measurements 
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have  given  very  detailed  information  about 
some  crystal  structures. 

(6)  Crystal  imperfections  and  strain.  The 
quadrupole  interaction  energy  just  men- 
tioned is  zero  in  perfect  cubic  crystals  where 
there  is  no  electric-field  gradient.  But  this 
symmetry  is  disturbed  by  imperfections  and 
mechanical  strains,  so  that  the  resulting 
broadening  or  splitting  of  nuclear  resonance 
lines  is  an  extremely  sensitive  measure  of 
such  effects. 

(7)  Molecular  motion  in  solids.  Widths 
and  shapes  of  absorption  lines  in  NMR 
spectra  are  dependent  on  temperature,  in- 
dicative of  hindered  reorientation  among  a 
number  of  stable  positions.  Information  is 
also  derived  from  the  spin  lattice  relaxation 
time,  TI ,  of  the  nucleus,  defined  as  the  time 
required  for  a  nucleus  to  exchange  a  quan- 
tum of  energy  with  its  immediate  surround- 
ings; the  lifetimes  of  nuclei,  TI  ,  in  a  given 
level  vary  enormously  from  10"4  second  to 
many  hours,  the  minimum ,  TI  ,  occurring 
at  a  temperature  at  which  the  spectrum  of 
frequencies  of  molecular  motion  is  distrib- 
uted with  maximum  intensity  near  the  nu- 
clear resonance  frequency.  From  the  ob- 
served change  in  TI  with  temperature,  it  has 
been  proved  that  in  crystalline  benzene,  the 
molecules  undergo  hindered  reorientation 
about  a  hexane  axis.  Self-diffusion  may  nar- 
row the  line  and  reduce  TI  ,  as  in  cyclo- 
hexane  and  the  alkali  metals. 

(8)  Quantitative  evaluation  of  liquid  com- 
ponents in  solid-liquid  mixtures.  When  a 
solid  is  melted  or  dissolved,  the  molecular 
motion  in  the  liquid  is  so  vigorous  as  to 
even  out  all  broadening  interactions,  so 
that  very  narrow  lines  are  characteristic  of 
the  liquid  state.  In  a  spectrum  of  a  super- 
posed sharp  line  for  liquid  and  broad  line 
for  the  solid,  it  is  easy  to  measure  the  in- 
tensity of  the  narrow  component  and  thus 
to  analyze  quantitatively,  for  example,  the 
amount  of  moisture  in  solid  materials  and 
the  relative  amounts  of  ordered  or  crystalline 
and  of  disordered  or  amorphous  fractions  in 
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polymers  (cf.  Chamberlain  article).  The 
variation  in  line  breadths,  and  of  relaxation 
time  as  affected  by  liquid  viscosity,  or  mo- 
lecular changes,  provide  a  useful  but  as  yet 
little  used  method  of  studying  the  structures 
of  liquids  and  solutions. 

(9)  Chemical  shifts  and  identification  of 
functional  groups  in  molecules.  The  frequency 
VQ  at  which  a  nuclear  resonance  line  occurs  is 
governed  by  the  equation  hi>o  =  /iffo//, 
where  p,  is  the  nuclear  magnetic  moment,  I 
the  spin  quantum  number,  and  HQ  is  the 
magnetic  field  actually  experienced  by  the 
nucleus,  which  differs  from  the  applied  field 
ffappi  by  the  equation 

#o  =  #.ppi  (1  -  a  +  6)  -  ff»ppi  (1  ~  c), 

where  a  is  a  diamagnetism  induced  by  JTappi 
in  molecular  electrons,  and  is  thus  sub- 
tractive;  6  is  a  weak  uncoupling  of  paired 
valence  electrons  to  produce  a  paramagnetic 
moment  and  thus  is  additive;  and  c  is  the 
resultant  combination  whose  value  varies 
critically  with  particular  electron  distribu- 
tions or  chemical  environments  of  the  nu- 
cleus. 

Ethyl  alcohol,  CHj— CHa— OH,  has  3 
proton  resonance  lines  having  intensities 
3:2:1  corresponding  to  the  number  of  pro- 
tons in  the  three  groups.  Thus  the  character- 
istic positions  of  resonance  lines  are  referred 
to  in  terms  of  chemical  shifts,  which  are 
expressed  as  a  fraction  of  the  field  by  which 
resonance  is  shifted  from  some  arbitrary 
standard,  and  which  are  directly  related  to 
the  functional  groups  in  which  protons 
occurs.  Thus  groupings  can  be  identified  and 
relative  numbers  determined  from  inten- 
sities. For  protons  the  shifts  are  a  few  parts 
per  million,  but  for  other  nuclei  such  as 
•cobalt  the  shift  may  be  1  %.  This  is  of  course 
the  application  now  being  widely  exploited 
in  organic  chemistry.  Other  examples  of 
unambiguous  choice  between  two  alternative 
structures  are: 


CH8—  C—CH 
diketenel  7     I 

2  lines,  3:1  inten- 

sity, from  CHa 

and  CH 

01  Cl 

Ga012  1  Ga—  Ga 


1  line,  identical  Ga 
atoms 


CHa—C— CH* 

11         Uo 

2  lines,  equal  inten- 
sity, from  2CH2 
(correct) 


Ga+(GaCl4)- 


2  lines,  2  kinds  of 
Ga  (correct) 


(10)  Relative  positions  of  groups  in  mole- 
cules from  multipkt  structures.  High  resolu- 
tion shows  a  fine  structure  of  the  3  proton 
resonance  lines  of  ethyl  alcohol  mentioned 
above.  This  multiplet  interaction  arising 
from  the  induction  of  weak  uncoupling  of 
paired  valence  electrons  is  even  shown  by 
HD  for  which  the  deuteron  resonance  line  is 
a  doublet  and  the  proton  line  a  triplet,  re- 
flecting the  number  of  orientations  which 
the  nuclei  adjacent  to  a  given  nucleus  can 
assume.  In  alcohol,  there  are  three  com- 
binations of  — CH2 —  protons  which  CHs — 
may  "see"  and  thus  produce  a  triplet,  and 
— CH*—  experiences  fields  corresponding  to 
4  ways  of  arranging  spins  in  CHs ,  and  thus 
produce  4  lines.  Thus  it  is  not  difficult  to 
understand  why  NMR  is  a  powerful  tool, 
especially  for  the  organic  chemist. 

(11)  Measuring  the  earth's  magnetic  field. 
If  very  sharp  precision  in  the  strength  of  an 
applied  magnetic  field  is  needed  to  hit  the 
resonance  of  a  liquid  compound,  it  should  be 
possible  to  reverse  the  procedure  and  use 
resonance  for  precise  measurement  of  mag- 
netic fields,  especially  the  earth's  field.  The 
difficulty  here  is  that  it  is  extremely  weak,  of 
the  order  of  half  a  gauss.  To  measure  this 
by   a   resonance   phenomenon   previously 
studied  in  the  laboratory  with  fields  of 
thousands  of  gausses  posed  a  challenge  which 
was  solved  by  Varian  and  Packard  with  an 
ingenious  instrument.  This  first  lines  up 
protons  in  a  sample  of  liquid  with  a  moder- 
ately weak  magnetic  field,  so  that  the  sample 
itself  is  a  weak  magnet.  The  polarizing  field 
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is  suddenly  switched  off  (as  Pake  describes 
it,  the  magnetic  rug  is  pulled  out  from  under 
the  group  of  protons).  The  nuclear  magnets, 
which  have  been  lined  up  in  a  direction  not 
parallel  to  the  earth's  field,  now  begin  to 
precess  around  the  axis  of  this  field.  Their 
alignment   rapidly   breaks   down,   but   in 
liquid  benzene  it  lasts  up  to  20  seconds,  long 
enough  to  measure  the  strength  of  the  earth's 
magnetic  field  to  an  accuracy  of  1  part  in  10 
million,  simply  by  tuning  in  on  the  precession 
rate  of  the  group  of  protons;  for  since  the 
earth's  field  produces  the  precession  the  rate 
is  a  measure  of  the  strength  of  this  field. 
The  Varian-Packard  instrument  is  called 
the  proton  precessions!  magnetometer.  It  is 
already  in  use  for  mineral  deposit  prospect- 
ing from  helicopters;  shot  in  rockets  to 
measure  the  earth's  field  of  various  heights 
above  the  surface;  and  will  be  part  of  the 
instrumentation  in  artificial  satellites. 
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APPLICATIONS 

When  a  beam  of  essentially  monochro- 
matic radiation  is  scattered  by  a  sample 
which  does  not  absorb  at  the  wavelength  of 
the  beam,  the  spectrum  of  the  scattered 
radiation  includes  a  line  at  this  wavelength 
and  also  a  number  of  relatively  weak  lines 
(or  bands)  at  other  wavelengths.  These  mod- 
ified lines  constitute  the  Raman  spectrum 
of  the  sample. 

The  origin  of  Raman  spectra  can  best  be 
understood  from  a  quantum  theory  point  of 
view  in  which  a  beam  of  radiation  is  consid- 
ered to  be  a  stream  of  photons.  These  pho- 
tons make  collisions  with  the  molecules  in  the 
sample.  Most  of  the  collisions  are  elastic; 
i.e.,  there  is  no  exchange  of  energy  and  the 
only  effect  is  a  change  in  the  photon's  direc- 
tion of  travel.  A  small  fraction  of  the  colli- 
sions are  inelastic  with  a  photon  either  giving 
up  some  of  its  energy  to  a  molecule  or,  if  the 
molecule  is  already  excited,  taking  some 
energy  from  the  molecule  and  leaving  it  in 
its  ground  or  lowest  energy  level. 

The  photons  which  have  gained  some  en- 
ergy have  a  higher  frequency  and  a  shorter 
wavelength  than  the  incident  photons.  The 
corresponding  part  of  the  Raman  spectrum 
is  of  little  importance  to  applications  and 
nothing  further  will  be  said  about  it  here. 

In  a  collision  in  which  energy  is  trans- 
ferred from  a  photon  to  a  molecule,  the  mole- 
cule can  accept  only  that  amount  of  energy 
which  will  enable  it  to  make  a  transition 
from  its  lowest  energy  level  to  a  permitted 
excited  level.  The  type  of  energy  level  which 
is  most  important  here  is  the  vibrational 
level  which  depends  on  the  vibrational  mo- 
tions of  atoms  in  the  molecules. 

Because  the  energy  of  a  photon  is  propor- 
tional to  its  frequency,  the  difference  be- 
tween the  frequencies  of  the  incident  and 
modified  photons  is  proportional  to  the 
vibrational  energy  taken  up  by  the  mole- 


cules. In  the  spectral  region  used  for  Raman 
spectroscopy  frequencies  cannot  be  measured 
directly,  but  wavelengths  can  be  readily 
measured.  The  frequency  difference  is  given 

by 


in  which  X<  and  X*  represent  the  wavelengths 
of  the  incident  and  Raman  lines,  respec- 
tively, and  c  is  the  velocity  of  light  (3  X  1010 
cm/sec).  It  is  convenient  and  customary  to 
use  instead  of  frequency  (number  of  waves 
per  second)  the  wavenumber  (number  of 
waves  per  centimeter)  which  is  obtained  by 
dividing  the  frequency  by  the  velocity  of 
light.  Thus, 

AU      1       1     ,.         1X 

A««  —  = (in  cm~l) 

c       X*      \R 

The  quantity  Ao>,  which  is  known  as  the 
Raman  shift  or  Raman  frequency,  is  inde- 
pendent of  the  incident  wavelength  and  is  a 
property  of  the  molecule  responsible  for  the 
corresponding  Raman  line. 

The  Raman  spectrum  of  a  sample,  which 
is  the  set  of  Aw  values  observed,  provides 
information  about  the  vibrational  energy 
levels  of  the  molecules  in  the  sample.  This 
information  is  closely  related  to  the  informa- 
tion obtainable  from  the  infrared  absorption 
spectrum  of  the  sample  which  is  also  the 
result  of  transitions  between  vibrational  en- 
ergy levels  (rotational  transitions  are  neg- 
lected here). 

In  general  (and  particularly  for  molecules 
of  high  symmetry)  not  all  of  the  modes  of 
molecular  vibration  result  in  Raman  lines. 
Similarly  not  all  modes  of  vibration  result  in 
infrared  absorption  bands.  Because  of  the 
difference  in  the  phenomena  of  scattering 
and  absorption,  a  mode  of  vibration  which 
is  not  "active"  in  Raman  scattering  may  be 
active  in  infrared  absorption  and  vice  versa. 
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Consequently,  although  the  data  on  vibra- 
tional  energy  levels  supplied  by  Raman  spec- 
troscopy  may  partially  overlap  the  data  from 
infrared  absorption  spectroscopy,  the  two 
techniques  supplement  each  other.  To  ob- 
tain a  complete  set  of  vibrations!  energy 
levels  it  is  usually  necessary  to  use  both 
techniques.  (For  some  molecules  there  are 
modes  of  vibration  which  are  active  in 
neither  the  Raman  spectrum  nor  the  infra- 
red absorption  spectrum). 

As  might  be  anticipated  from  the  above 
brief  discussion,  the  applications  of  Raman 
spectra  parallel  those  of  infrared  spectra. 
The  major  applications,  with  a  short  and 
over-simplified  description  of  each,  are  as 
follows: 

(1)  Determination       of       Molecular 
Structure.  When  a  plausible  model  for  a 
not-too-complicated  molecule  is  examined  it 
is  possible  to  predict  theoretically  the  num- 
bers of  Raman  lines  and  infrared  absorption 
bands  it  should  have.  If  the  predicted  num- 
bers are  significantly  different  from  those 
observed,  the  model  is  unsatisfactory  and  it 
is  discarded.  When  agreement  is  reached  for 
some  model,  some  of  the  observed  Raman 
and  infrared  frequencies  can  be  used  in  a 
theoretical  treatment  to  calculate  other  vi- 
brational  frequencies.  If  there  is  agreement 
between  the  calculated  and  observed  fre- 
quencies the  model  is  a  good  representation 
of  the  molecule  and  the  relative  positions 
of  the  atoms  in  the  molecule  are  known.  At 
the  same  time  information  is  obtained  about 
the  magnitude  of  the  forces  holding  the 
atoms  together  in  the  molecule  and  con- 
clusions can  be  drawn  about  the  chemical 
bonds  in  the  molecule. 

(2)  Calculation    of   Thermodynamic 
Quantities.  By  means  of  statistical  me- 
chanics it  is  possible  to  relate  the  values  of 
such  quantities  as  heat  capacities,  entropies, 
free  energies  of  formation  and  equilibrium 
constants  to  molecular  vibration  frequencies. 
Even  if  the  theoretical  problem  described  in 
(1)  is  not  completely  solved,  the  set  of  fre- 
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quencies  obtained  from  a  combination  of  in- 
frared and  Raman  spectra  can  often  be  used 
to  calculate  thermodynamic  quantities, 
sometimes  more  accurately  than  they  can  be 
measured  directly.  In  this  way  it  is  possible 
to  calculate  the  equilibrium  constant  for  a 
reaction  which  has  never  been  carried  out  in 
the  laboratory. 

(3)  Determination  of  Functional 
Groups.  Correlations  exist  between  the 
presence  of  certain  functional  groups  in  a 
molecule  and  Raman  lines  at  certain  fre- 
quencies which  are  quite  sirrrilaT  to  the  well- 
known  correlations  of  functional  groups  and 
infrared  absorption  bands.  In  many  cases 
these  correlations  involve  the  same  frequen- 
cies in  both  techniques;  in  some  cases  a 
correlation  is  unique  for  either  Raman  or  in- 
frared spectroscopy.  For  example,  the  pres- 
ence of  a  carbonyl  group  in  a  saturated  ke- 
tone  is  indicated  by  either  a  Raman  line  or 
an  infrared  band  with  a  frequency  (more 
accurately,  wavenumber)  near  1720  cm"1 
and  both  techniques  will  give  the  same  value 
to  within  a  few  reciprocal  centimeters.  In- 
ternal double  bonds  in  trans-olefinic  hydro- 
carbons represented  by  the  formula 


have  a  strong  Raman  line  near  1675  cmr1  but 
the  corresponding  infrared  band  is  absent  or 
very  weak.  On  the  other  hand,  a  useful  in- 
frared band  at  720  em"1,  which  indicates  the 
presence  of  four  or  more  methylene  groups 
in  a  chain,  does  not  have  a  counterpart  in 
the  Raman  spectrum. 

(4)  Qualitative  Analysis  of  Mixtures. 
The  Raman  spectrum  of  a  mixture  whose 
components  do  not  interact  with  other  is  a 
superposition  of  the  Raman  spectra  of  the 
components.  Because  the  set  of  vibrational 
energy  levels  is  unique  for  each  kind  of  mole- 
cule, a  qualitative  analysis  of  a  mixture  can 
be  carried  out  by  comparing  the  Raman 
spectrum  of  the  mixture  with  the  spectra  of 
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the  pure  compounds  which  might  be  present 
in  the  mixture.  When  all  of  the  strong 
Raman  lines  of  a  pure  compound  are  found 
in  the  spectrum  of  a  mixture  and  the  rela- 
tive intensities  are  the  same  in  the  two  cases, 
it  can  be  concluded  that  the  compound  is 
present  in  the  mixture.  In  applying  this 
method  of  qualitative  analysis  it  is  desirable 
to  have  mixtures  which  are  not  so  compli- 
cated that  extensive  overlapping  of  Raman 
lines  from  different  compounds  occurs.  The 
number  of  components  which  can  be  present 
depends  on  their  nature;  it  is  seldom  possible 
to  make  reliable  analyses  with  more  than 
six  components.  Auxiliary  information  about 
the  sample  can  often  improve  the  reliability 
of  an  analysis,  as  in  the  analogous  applica- 
tion of  infrared  spectra. 

(5)  Quantitative  Analysis  of  Mixtures. 
If  there  is  no  interaction  between  the  com- 
ponents in  a  mixture,  the  intensity  of  each 
Raman  line  of  any  component  is  proportional 
to  the  concentration  of  that  component  in 
the  mixture  provided  that  the  Raman  line  is 
not  overlapped  by  lines  from  other  com- 
ponents. This  is  the  basis  of  quantitative 
analysis  by  means  of  Raman  spectroscopy. 
For  calibration  a  sample  of  each  of  the  com- 
pounds to  be  determined  is  usually  sufficient, 
although  it  is  advisable  to  check  the  calibra- 
tion with  some  mixtures  of  known  composi- 
tion in  the  concentration  ranges  of  interest. 
If  several  unoverlapped  Raman  lines  are 
available  for  a  component,  one  can  make  in- 
dependent determinations  from  each  line  and 
thus  obtain  internal  checks  on  the  accuracy 
of  the  analysis.  Although  in  principle  it 
would  be  possible  to  use  overlapped  lines  for 
analysis,  in  practice  it  is  preferable  to  avoid 
this  by  restricting  the  number  of  components 
present  with  the  use  of  some  method  of  frac- 
tionation. 

In  some  cases  a  complicated  sample  may 
include  a  number  of  components  of  the  same 
chemical  type  with  a  functional  group  in 
common.  The  position  of  the  Raman  line  re- 
lated to  this  functional  group  would,  in  gen- 


eral, vary  slightly  with  changes  in  the  rest  of 
the  molecule.  If  the  total  concentration  of 
compounds  of  the  same  chemical  type  is  de- 
sired, this  can  be  obtained  by  integrating  the 
intensity  over  the  small  spectral  range  which 
includes  the  possible  positions  for  the  char- 
acteristic Raman  line.  The  method  of  cali- 
bration of  such  a  group  or  type  analysis  de- 
pends on  the  nature  of  the  sample  and  the 
analytical  accuracy  needed.  It  is  often  true 
that  the  intensity  of  a  characteristic  Raman 
line  is  not  sensitive  to  changes  in  the  rest  of 
the  molecule.  In  that  event  the  calibration 
can  be  based  on  the  spectra  of  a  limited 
number  of  representative  compounds.  Some- 
times a  separation  method  can  be  used  to 
segregate  the  compounds  in  the  desired  class 
and  such  samples  can  be  used  for  calibration. 

Advantages  and  Disadvantages  of  Ana- 
lytical Applications 

In  applications  (1)  and  (2)  above,  the  use 
of  Raman  spectroscopy  is  essential.  In  ana- 
lytical applications,  however,  there  usually 
are  alternative  methods  and  it  is  appropriate 
to  consider  those  features  which  might  make 
the  use  of  Raman  spectroscopy  desirable  or 
undesirable  in  individual  cases.  A  discussion 
of  these  features  is  complicated  by  the  fact 
that  some  of  the  limitations  which  have  been 
experienced  in  the  past  are  due  more  to  in- 
adequacies of  instrumentation  than  to  any- 
thing more  fundamental.  Only  relatively  re- 
cently has  satisfactory  apparatus  for  Raman 
spectroscopy  become  commercially  avail- 
able. 

The  advantages  of  Raman  spectroscopy 
may  be  summarized  as  follows: 

(1)  The  Raman  spectrum  of  a  compound 
is  a  relatively  simple  pattern  of  lines,  some 
of  which  may  be  quite  sharp  while  others  are 
broad  and  diffuse. 

(2)  The  complete  range  of  vibrations! 
frequencies  can  be  covered  with  one  in- 
strument . 

(3)  The  sample  container  (Raman  tube) 
is  made  of  glass. 
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(4)  Water  as  a  solvent  presents  no  prob- 
lem because  the  Raman  spectrum  of  water  is 
diffuse  and  weak. 

(5)  The  linear  relationship  between  Ra- 
man line  intensity  and  concentration  makes 
the  calculations  involved  in  quantitative 
analysis  extremely  simple. 

(6)  Integration   over   a  portion   of  the 
Raman  spectrum  is  relatively  simple. 

The  disadvantages  of  Raman  spectroscopy 
are: 

(1)  An  analytical  sample  is  practically 
limited  to  a  clear,  colorless  (non-absorbing) 
liquid.  Although  Raman  spectra  can  be  ob- 
tained for  solid,  gaseous,  or  (with  some 
limitations)  colored  samples,  the  problems  in- 
volved make  analytical  applications  imprac- 
tical for  such  samples. 

(2)  The  sample  must  be  non-fluorescent. 
Even  traces  of  fluorescent  contaminants  can 
sometimes  cause  difficulties. 

(3)  The  sample  volume  required  is  larger 
than  that  for  infrared  spectroscopy  although 
the  difference  is  usually  not  significant  when 
modern  apparatus  is  used. 

(4)  Because  Raman  line  intensity  is  pro- 
portional to  concentration  this  technique  is 
not  useful  for  the  determination  of  com- 
ponents at  low  concentrations.  If  an  analyti- 
cal problem  involves  the  determination  of 
major  components  only,  the  lack  of  sensi- 
tivity to  low  concentrations  of  minor  com- 
ponents may  be  an  advantage. 

E.  J.  ROSENBAUM 

INSTRUMENTS,  TECHNIQUES,  AND 
APPLICATIONS 

When  a  beam  of  light  encounters  matter 
it  is  modified  by  reflection,  absorption,  and 
scattering.  Scattering  is  called  Rayleigh  scat- 
tering if  the  frequency  of  the  radiation  is 
unchanged  and  Raman  scattering  if  the  fre- 
quency is  shifted.  Rayleigh  and  Raman 
scattering  must  not  be  confused  with  the  re- 
emission  of  absorbed  light  as  resonance  radi- 
ation of  the  same  frequency  or  as  phos- 
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phorescence  or  fluorescence  radiation  with 
lower  frequency  than  the  incident  light. 

In  order  to  observe  a  Raman  spectrum  a 
sample  is  illuminated  with  essentially  mono- 
chromatic radiation,  and  the  light  scattered 
at  right  angles  is  collected  and  passed  into  a 
spectrometer  for  analysis.  The  spectrum  ob- 
tained will  show  the  strong  Rayleigh-scat- 
tered  parent  line  of  the  source  with  frequency 
unaffected  by  scattering  and  a  discrete  set  of 
weaker  lines  at  lower  frequencies,  each 
shifted  from  the  parent  line  by  a  frequency 
corresponding  to  a  mode  of  vibration  of  the 
molecules  of  the  sample.  These  shifted  lines 
are  the  Stokes-lines  of  the  Raman  effect.  A 
much  weaker  set  of  lines  (the  anti-Stokes 
lines)  are  observed  with  the  same  frequency 
shifts  from  the  parent  line  in  the  opposite 
direction.  If  the  sample  is  a  gas  each  of  the 
lines  might  be  further  resolved  into  its  rota- 
tional fine  structure. 

The  scattering  power,  and  therefore  the 
intensity  of  Raman  lines,  is  approximately 
proportional  to  the  fourth  power  of  the  fre- 
quency of  the  exciting  line.  Hence  it  is  ad- 
vantageous to  use  the  shortest  wavelength 
possible,  and  some  work  has  been  done  using 
ultraviolet  exciting  lines.  However,  because 
of  difficulties  with  fluorescence  and  photo- 
chemical reactions  the  parent  line  is  usually 
chosen  to  be  in  the  visible  region  of  the  elec- 
tromagnetic spectrum.  The  Toronto  type 
lamps  developed  at  the  University  of  Tor- 
onto by  Welsh  and  Crawford  are  the  most 
popular  sources.  These  are  low  pressure 
mercury  arcs  producing  intense  mercury 
emission  lines  and  but  little  background 
radiation.  They  are  formed  as  cylinders  and 
mounted  parallel  to  the  sample  tube  or  as 
helixes  spiraling  about  the  tube.  In  order  to 
increase  the  efficiency  of  the  sources,  they 
are  usually  mounted  in  an  enclosure  coated 
with  a  material  of  high  diffuse  reflectance 
such  as  magnesium  oxide.  The  light  from 
the  source  is  passed  through  a  filter  before 
being  allowed  to  enter  the  sample  tube.  This 
serves  to  eliminate  unwanted  lines  from 
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the  source,  background  radiation,  fluores- 
cence, photochemical  reactions,  and  overlap- 
ping Raman  spectra  originating  from  differ- 
ent exciting  lines.  A  commonly  used  filter  for 
use  with  the  4358A  mercury  line  consists  of 
a  water  solution  of  sodium  nitrite  and 
praseodymium  nitrate  in  a  transparent  tube 
surrounding  the  sample  tube. 

Originally,  Raman  spectra  were  taken 
photographically  on  sensitive  spectrographic 
plates.  The  integrating  action  of  the  film 
permitted  observation  of  the  very  feeble 
Raman  lines,  and  exposures  of  several  days 
were  not  uncommon.  Photographic  record- 
ing is  still  used  to  some  extent,  but  photo- 
multiplier  tubes  and  electronic  recorders 
have  dominated  for  several  years.  Formerly 
the  photomultipliers  were  refrigerated  to 
subdue  noise,  but  recent  improvements  have 
made  this  unnecessary  although  detectors 
must  still  be  specially  selected  for  low  noise. 
The  radiation  reaching  the  phototube  is  usu- 
ally chopped  in  order  to  take  advantage  of 


the  stability  and  high  gain  attainable  with 
AC  amplifiers. 

Raman  spectra  are  exceedingly  weak  and 
this  requires  that  spectrometers  of  high  light 
gathering  power  be  used.  Aperture  ratios  of 
f/4.5  are  common  and  some  instruments 
have  been  constructed  with  apertures  as 
large  as  f/0.7.  The  ratio  of  slit  height  to 
focal  length  is  important  in  defining  the 
"speed"  of  spectrometers  using  photoelectric 
detectors.  The  Gary  instrument  (Figure  1) 
uses  two  parallel  slits  each  10  cm  in  height, 
illuminated  through  an  ingeneous  image 
slicer  which  converts  the  image  of  the  sample 
tube  cross-section  to  a  long  slit-filling  rec- 
tangle. 

The  resolving  power  necessary  for  satis- 
factory Raman  spectroscopy  is  rather  large. 
Consider  that  an  infrared  spectrometer  with 
a  resolving  power  of  1000  will  separate  two 
lines  1  cm-1  apart  at  1000  cm.-1,  whereas 
similar  resolution  in  the  Raman  spectrum 
requires  a  resolving  power  of  20,000  when 
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FIG.  1.  Optical  path  of  Gary  Raman  spectrophotometer.  Light  from  the  source  (1)  is  scattered  by  the 
sample,  shaped  by  the  image  slicer  elements  (2)  to  fill  the  parallel  entrance  slits  (3),  dispersed  into  a 
spectrum  by  two  gratings  (4  and  5),  passed  through  the  exit  slits  (6),  and  detected  by  the  phototubes. 
Source  intensity  is  monitored  by  the  reference  phototube.  (Courtesy  of  Allied  Physics  Corporation) 
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using  5000A  exciting  radiation.  Conse- 
quently, large  dispersing  elements  and  multi- 
ple prism  and  grating  arrangements  are 
used  in  the  construction  of  Raman  spectro- 
graphs.  A  further  requirement  for  spectro- 
graphs  used  with  photographic  detectors  is 
high  linear  dispersion  because  of  the  graini- 
ness  of  high  speed  emulsions. 

Samples  to  be  studied  by  Raman  spec- 
troscopy  are  confined  in  sample  tubes  of  glass 
or  quartz.  One  end  of  the  tube  is  closed  by  a 
window  through  .which  the  scattered  light 
passes.  The  other  end  is  usually  blackened  to 
reduce  stray  light.  The  scattering  tube  is 
mounted  concentrically  in  one  or  more  addi- 
tional transparent  cylinders  containing  fil- 
ter solutions  and  circulating  thermostat 
liquids. 

The  easiest  samples  to  handle  are  pure 
liquids  or  solutions.  Until  recently,  10  to 
50  milliliters  of  sample  were  required,  but 
capillary  tubes  having  volumes  as  small  as 
0.05  milliliter  can  now  be  used  with  modern 
instruments.  It  is  necessary  to  free  samples 
from  sources  of  undesirable  scattering  such 
as  dust  or  turbidity  and  from  colored  or 
fluorescent  materials.  Treatment  by  percola- 
tion through  adsorbents  and  distillation  di- 
rectly into  the  sample  tube  is  beneficial. 
Stubborn  cases  of  fluoresence  or  color  require 
special  approaches  such  as  efficient  optical 
filtering  of  the  troublesome  radiation,  addi- 
tion of  fluorescence-quenching  materials  to 
the  sample,  or  use  of  different  exciting  lines. 
Raman  spectroscopy  has  actually  been  car- 
ried out  with  exciting  lines  in  the  photo- 
graphic infrared  to  avoid  these  difficulties. 

Gas  samples  are  studied  by  means  of 
Raman  spectroscopy,  but  the  diffuse  nature 
of  gases  requires  the  use  of  large  sampling 
tubes  if  weak  lines  are  to  be  observed,  com- 
plicating the  design  of  the  irradiation  system. 
High  pressure  tubes  have  been  used  to  con- 
centrate gaseous  samples,  but  rotational 
structure  is  broadened  and  lost.  Multiple 
pass  scattering  tubes  have  been  devised  to 
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intensify  spectra  by  effectively  using  the 
same  volume  of  sample  several  times. 

Solid  samples  are  also  studied  in  Raman 
spectroscopy,  but  the  difficulties  due  to  ex- 
cessive general  scattering  are  severe  in  the 
case  of  polycrystalline  materials.  This  is 
sometimes  reduced  by  immersion  of  the 
crystallites  in  a  transparent  liquid  of  the 
same  refractive  index  and  by  filtering  the 
parent  line  from  the  scattered  light  before  it 
arrives  at  the  spectrometer  slit. 

A  significant  property  of  Raman  lines  is 
their  state  of  depolarization.  A  number  of 
techniques  have  been  devised  for  measuring 
the  depolarization  ratio.  A  widely  used 
method  requires  two  spectra,  one  recorded 
with  the  incident  light  polarized  perpendicu- 
lar and  one  with  the  light  polarized  parallel 
to  the  direction  in  which  the  scattered  light 
is  observed.  The  ratio  of  intensities  of  a  line 
in  the  two  spectra  is  its  depolarization  ratio, 
p  =  IJL/III  .  Alineis  said  to  be  depolarized  if 
p  has  the  value  %  and  polarized  if  p  is  less 
than  %.  Polarizers  constructed  of  sheets  of 
"Polaroid"  are  convenient  for  wavelengths 
between  4200  and  6000A.  Polarization 
measurements  are  complicated  by  such 
factors  as  the  polarizing  properties  of  optical 
elements  of  the  spectrograph  and  the  con- 
vergence of  the  radiation  beam. 

The  applications  to  which  Raman  spec- 
troscopy can  be  put  are  very  nearly  the  same 
as  infrared  spectroscopy  because  both  types 
of  measurement  deal  with  molecular  vibra- 
tional  transitions.  However,  because  of  fun- 
damental differences  in  the  two  effects  they 
often  provide  complementary  information, 
with  one  type  of  measurement  yielding  data 
not  supplied  by  the  other. 

Perhaps  the  most  common  application  of 
molecular  spectroscopy  is  the  identification 
of  an  unknown  compound  by  comparison  of 
its  spectrum  with  spectra  of  known  sub- 
stances. Raman  spectroscopy  is  useful  in  this 
work,  just  as  is  infrared  spectroscopy,  be- 
cause of  the  "finger-print"  property  of  vi- 
brational  spectra.  Each  molecule  has  its  own 
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unique  spectrum,  although  the  differences 
can  be  quite  subtle  for  similar  compounds. 
A  vast  number  of  Raman  spectra  have  been 
recorded  and  Raman  data  are  to  be  found 
scattered  throughout  the  literature  and  oc- 
casionally collected  in  books  and  articles. 

Raman  spectroscopy  can  be  used  for 
quantitative  analysis  with  about  the  same 
degree  of  success  as  infrared,  and  with  the 
same  limitations  due  to  interferences  by 
band  overlap.  Multi-component  analysis  is 
performed  by  measuring  the  lines  of  the  pure 
constituents  separately  and  developing  a  set 
of  equations  to  be  used  in  analyzing  mix- 
tures. Raman  analysis  of  colorless  solutions 
shares  with  emission  spectroscopy  an  ad- 
vantage over  absorption  spectroscopy,  viz., 
signals  are  directly  proportional  to  concen- 
trations. Raman  analysis  of  colored  solutions 
is  more  complicated  but  nonetheless  quite 
feasible. 

Often  a  complete  identification  of  a  speci- 
men is  not  possible,  or  even  necessary,  but  a 
functional  group  characterization  is  desired. 
Nature  has  provided  that  certain  atomic 
groupings  in  molecules  vibrate  more  or  less 
independently  of  the  rest  of  the  molecule. 
This  permits  the  detection  of  certain  func- 
tional groups  by  studying  Raman  or  infrared 
vibrational  spectra,  provided  that  the  vibra- 
tion in  question  produces  a  signal  of  de- 
tectable magnitude.  Because  of  the  differ- 
ences in  relative  intensities  encountered  in 
the  two  effects  some  functional  groups  are 
more  readily  determined  by  means  of  Raman 
spectroscopy  and  others  by  infrared.  For  ex- 
ample, the  stretching  vibration  of  the  -C-S- 
link  occurs  with  a  frequency  near  650  cm*"1. 
This  transition  is  so  weak  in  the  infrared  ab- 
sorption spectra  of  sulfides  as  to  be  nearly 
useless  for  determining  the  presence  of  the 
group,  but  the  Raman  line  is  quite  intense. 

A  complete  knowledge  of  the  vibrational 
spectrum  of  a  substance  is  useful  in  elucidat- 
ing the  structure  of  its  molecules  and  is  es- 
sential for  the  calculation  of  its  thermody- 
namic  properties.  Because  of  selection  rules 


some  species  of  vibrational  transitions  can- 
not be  observed  in  the  Raman  effect  while 
others  are  forbidden  to  appear  in  infrared 
absorption  spectra.  In  the  case  of  a  molecule 
having  a  center  of  symmetry  an  exclusion 
principle  operates  and  a  vibration  cannot  be 
active  in  both  effects.  Hence  both  infrared 
and  Raman  spectra  must  be  obtained  for  a 
complete  determination  of  the  vibrational 
transitions  of  a  molecule.  Further  clues  to  the 
nature  of  molecular  vibrations  are  found  in 
the  depolarization  ratios  and  contours  of 
Raman  lines.  Only  totally  symmetric  vibra- 
tions can  produce  polarized  lines  and  these 
tend  to  be  relatively  sharp  and  strong,  while 
lines  from  non-totally  symmetric  vibrations 
are  depolarized  and  usually  broad.  In  a  few 
cases  the  rotational  fine-structure  of  Raman 
lines  of  gases  have  been  resolved  and  ana- 
lyzed providing  a  means  of  determining  the 
moments  of  inertia  and  interatomic  dis- 
tances. 
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RAMAN  SPECTROSCOPY 

THEORY* 

Raman  spectroscopy,  since  its  beginning  in 
1928,  has  been  of  great  use  in  the  elucidation 
of  the  structures  of  molecules,  in  the  study 
of  the  interactions  between  molecules,  in  the 
spectrochemical  analysis  of  unknown  mix- 
tures, and  in  the  provision  of  data  for  the 
calculation  of  thermodynamic  properties. 
Sir  C.  V.  Raman  (an  Indian  physicist)  him- 
self would  no  doubt  have  been  astounded  if 
he  could  have  foreseen  the  wide  range  of  ap- 
plications of  the  effect  which  now  bears  his 
name  and  for  the  discovery  of  which  he  re- 
ceived the  Nobel  Prize.  Thousands  of  articles 
have  appeared  on  this  subject  and  it  is  still 
an  active  field  of  investigation. 

A  Raman  spectrum  consists  of  a  group  of 
lines  that  appear  on  a  photographic  plate 
after  the  light  scattered  from  molecules  has 
been  passed  through  a  dispersing  prism  and 
brought  to  a  focus  on  the  plate.  The  Raman 
effect  is  a  light-scattering  phenomenon,  not 
a  matter  of  absorption  or  emission  of  light 
by  the  molecules. 

Suppose,  for  example,  that  blue  light  of 
wavelength  4359.6  A  is  passed  vertically  up- 
ward through  a  tube  containing  CCU .  The 
light  scattered  horizontally  by  the  CCU  mol- 
ecules is  found  to  consist  primarily  of  light  of 
the  same  wavelength  (Tyndall  effect)  and 
this  produces  a  greatly  over-exposed  line 
(Rayleigih  line)  on  the  photographic  plate. 
But  the  scattered  beam  also  contains  weaker 
light  of  wavelengths  greater  than  4359.6  A 
(Stokes  lines)  and  still  weaker  light  of  wave- 
lengths less  than  4359.6  i  (anti-Stokes  lines). 
The  appearance  of  this  light  of  changed 
wavelength  is  known  as  the  Raman  effect 
and  the  corresponding  lines  constitute  the 
Raman  spectrum  of  CCU. 

It  is  customary  to  list  not  the  wavelength 
of  the  Raman  line,  but  rather  the  reciprocal 
of  the  wavelength,  called  the  wave  number  a- 
(number  of  waves  per  cm).  Or,  since  this  is 

*  From  "The  Encyclopedia  of  Chemistry",  Sup* 
plement,  1958,  p.  244. 

682 


a  large  number,  to  list  simply  the  difference 
Ao-  in  the  wave  number  of  the  Raman  line 
and  that  of  the  incident  light.  The  ACT  values 
are  known  as  the  Raman  displacements.  If 
the  relative  intensity  of  the  Raman  line  is 
designated  by  I,  the  A<r(I)  values  for  the 
principal  lines  in  the  Raman  spectrum  of 
CCU  axe  217(7),  314(9),  459(10),  762(4),  and 
790(4)  K  (K  =  kayser  =  wave/cm). 

For  other  molecules,  different  displace- 
ments and  relative  intensities  are  obtained. 
Thus  for  CClsH,  the  principal  A<r(7)  values 
axe  262(10),  366(7),  667(8),  762(6),  1216(2), 
and  3018(3)  K;  for  CC1JD,  they  axe  262(10), 
366(9),  650(7),  737(1),  908(1),  and  2255(2) 
K;  and  for  CHJ,  they  axe  523(10),  892(0), 
1241(2),  1430(0),  2948(3),  and  3048(1)  K. 
No  two  compounds  have  the  same  Raman 
spectrum. 

Another  characteristic  of  the  Raman  line 
is  the  polarization  state  of  the  light  that  pro- 
duced it.  By  placing  a  suitable  polarizing  de- 
vice in  the  path  of  the  scattered  light,  each 
Raman  line  can  be  divided  into  a  strong  part 
and  a  weak  part.  The  intensity  of  the  strong 
part  I,  corresponds  to  the  horizontal  com- 
ponent of  the  electric  vector  in  the  scattered 
beam,  that  of  the  weak  part  Iw  to  the  verti- 
cal component.  The  ratio  /«/!«  =  p  is  called 
the  depolarization  factor  of  the  Raman  line. 
If  p  =  %  =  0.86,  the  line  is  depolaxized;  if 
less  than  this,  it  is  polarized.  The  Ao-(/)p 
values  of  CCU ,  for  example,  are  217(7)0.85, 
314(9)0.87,  459(10)0.07,  762(4)0.84,  and 
790(4)0.83  K.  The  first  two  lines  axe  thus 
depolarized,  the  third  strongly  polarized, 
and  the  last  two  lines  sligjitly  polarized.  Each 
compound  is  characterized  by  the  A<r(/)p 
values  of  its  Raman  spectrum. 

The  existence  of  a  scattered  radiation  de- 
pends upon  the  fact  that  the  incident  ligjit 
wave  induces  a  dipole  moment  in  the  mole- 
cule. This  induced  dipole  moment  varies 
periodically  with  certain  frequencies,  and 
hence  light  of  these  frequencies  is  sent  out 
by  the  molecules  in  all  directions. 
The  change  in  wavelength  that  occurs  dur- 
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ing  the  scattering  process  can  be  related  to 
the  change  in  the  energy  of  the  molecule 
when  the  incident  photon  is  scattered.  The 
energy  of  the  photon  is  hc<n ,  where  h  is 
Planck's  constant,  c  is  the  velocity  of  light  in 
a  vacuum,  and  <r»-  is  the  wave  number  of  the 
incident  radiation.  The  Raman  effect  thus 
results  from  a  transfer  of  energy  from  the 
photon  to  the  molecule,  or  vice  versa. 

A  considerable  amount  of  information 
about  a  molecule  can  be  deduced  from  the 
Raman  spectrum.  From  the  pure  rotational 
Raman  spectrum  of  a  diatomic  molecule,  for 
example,  one  can  obtain  the  effective  mo- 
ment of  inertia  in  the  lowest  vibrational  en- 
ergy state  and  from  this  the  effective  inter- 
nuclear  distance  for  this  state.  The  moments 
of  inertia  obtained  in  this  way  for  HC1  and 
N2  are,  respectively,  1.649  and  8.342  amu  A2 
and  the  corresponding  internuclear  distances 
are  1.297  and  1.097  A. 

Homonuclear  molecules  like  H2  and  N2 
yield  no  pure  rotational  infrared  spectrum 
because  they  have  no  permanent  dipole  mo- 
ment and  therefore  can  be  studied  only  by 
the  Raman  effect.  In  their  case  the  pure 
rotational  spectrum  yields— in  addition  to 
the  effective  moment  of  inertia  and  effective 
internuclear  distance  for  the  lowest  vibra- 
tional state — the  symmetry  of  the  eigen- 
function  with  respect  to  an  interchange  of 
nuclear  coordinates,  the  nuclear  spin,  and  the 
form  of  statistics  (Fermi-Dirac  or  Einstein- 
Bose)  that  must  be  used  in  statistical  calcu- 
lations. 

From  an  analysis  of  the  vibrational-rota- 
tional  bands,  one  can  obtain  the  classical 
vibrational  frequency  of  the  diatomic  mole- 
cule, the  moments  of  inertia  and  internuclear 
distances  for  higher  vibrational  states,  the 
force  constant,  the  dissociation  energies,  the 
zero-point  energy,  the  potential  energy  curve 
as  a  function  of  the  internuclear  distance, 
and  the  rotational  and  vibrational  energies 
needed  for  thermodynamical  calculations. 

Polyatomic  molecules  are  more  complex 
and  therefore  cannot  be  treated  as  rigorously 


as  diatomic  molecules.  Nevertheless,  one  can 
still  obtain  for  the  simpler  molecules  the  mo- 
ments of  inertia,  internuclear  distances,  and 
interbond  angles.  For  larger  molecules,  as 
well  as  the  smaller  ones,  one  can  obtain  the 
constants  in  the  potential  energy  expression 
(force  constants)  and  the  vibrational  fre- 
quencies needed  for  the  calculation  of  the 
thermodynamic  properties. 

Frequently  it  is  possible  to  determine  the 
structure  of  a  polyatomic  molecule  from  the 
spectral  data.  For,  when  the  molecule  has 
certain  elements  of  symmetry  (rotational 
axes,  symmetry  planes,  etc.),  there  are  se- 
lection rules  which  tell  how  many  polarized 
and  depolarized  Raman  lines  should  appear 
in  the  spectrum  for  each  of  several  possible 
structures.  By  comparing  these  predictions 
with  the  experimental  results,  one  can  ob- 
tain an  indication  of  the  correct  structure. 

The  Raman  spectral  data  also  are  useful 
in  detecting  interactions  between  molecules. 
Thus,  for  example,  when  hydrogen  bonding 
is  present  the  Raman  displacements  corre- 
sponding to  the  C — H  and  C=O  vibrations 
appear  at  values  distinctly  lower  than  their 
normal  values.  Also,  one  can  study  the  co- 
ordination complexes  of  silver  ion  with  un- 
saturated  hydrocarbons.  In  such  complexes, 
the  A<r  values  corresponding  to  the  C=C  and 
CfesC  bonds  are  lowered  by  about  65  and 
100  K,  respectively,  from  the  normal  values. 

The  Ao-  values  corresponding  to  the  vibra- 
tional frequencies  of  certain  groups  within 
the  molecule  often  change  little  from  one 
molecule  to  another.  The  appearance  of  these 
values  in  the  Raman  spectrum  is  thus  evi- 
dence for  the  existence  of  these  groups.  Thus 
there  is  a  A<r  value  near  3300  K  for  — Os 
C— H,  3000  for  C— H  (non-acetylenic),  2250 
for  C— D  (non-acetylenic),  2118  for  mono- 
substituted  acetylenes  R— O=C— H,  2233 
and  2300  for  disubstituted  acetylenes  R— 
CssC— R,  1700  for  C=0,  1600forC=C, 
700  for  C— Cl,  500  for  C— Br,  etc. 

Monosubstituted  benzenes  CJHsR  are 
characterized  by  a  group  of  lines  having 
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A<r(I)p  values  near  618(5)0.8, .  1001(10)- 
0.1,  1029(7)0.3,  1156(4)0.8,  1176(4)0.8, 
1588(6)0.7,  and  3058(9)0.3.  The  — CHS 
group  has  A<r(I)p  values  near  1378(4)0.6, 
1441(1)0.9, 2921(10)0.1,  and  3070(2)0.9.  The 
— CEU —  group  has  Acr(I)p  values  near  1412- 
(1)0.8,  2985(10)0.1,  and  3050(2)0.9.  Substi- 
tuted ethylenes  are  characterized  by  a  group 
of  lines  between  1200  and  3100  K  whose 
Acr(I)p  values  depend  upon  the  position  and 
the  extent  of  the  substitution  and  upon  the 
presence  or  absence  of  conjugated  bonds. 

Quantitative  analysis  also  can  be  done  by 
use  of  Hainan  spectral  data  since  the  in- 
tensity of  a  Raman  line  of  a  compound  is 
proportional  to  the  concentration  of  this 
compound  in  a  mixture.  This  may  be  accom- 
plished either  by  a  comparison  of  the  in- 
tensity of  the  line  with  that  of  an  internal 
standard,  such  as  the  459  K  line  of  CCU 
when  2  cc  of  this  compound  is  added  to  25 
cc  of  the  sample,  or  by  a  calibration  for  each 
system  based  upon  a  few  mixtures  of  known 
composition  made  from  compounds  of  high 
purity. 

The  precision  of  the  analysis  with  the 
calibration  method  and  with  photographic 
recording  is  indicated  by  the  following  re- 
sults of  Rosenbaum,  Martin,  and  Lauer.  In 
an  analysis  of  a  mixture  containing  p-ethyl- 
toluene,  pseudocumene,  m-ethyltoluene,  and 
mesitylene,  the  average  deviation  of  their 
results  from  the  known  composition  was 
0.75%;  for  a  mixture  containing  o-xylene, 
ro-xylene,  p-xylene,  and  ethylbenzene,  the 
average  deviation  was  1%;  for  a  mixture 


containing  p-ethyltoluene,  m-ethyltoluene, 
o-ethyltoluene,  mesitylene,  and  pseudocu- 
mene, the  average  deviation  was  1%;  and 
for  a  mixture  of  2,2,4-trimethylpentane, 
2,3,4-trimethylpentane,  and  2,3,3-tri- 
methylpentane,  the  average  deviation  was 
1.3%. 

Using  photoelectric  recording  and  a  modi- 
fied internal  standard  method  in  which  the 
CCU  was  contained  in  an  identical  Raman 
tube  instead  of  being  added  to  the  sample 
itself,  Rank  and  Wiegand  made  numerous 
analyses  of  aromatic  hydrocarbon  mixtures 
containing  from  2  to  8  components  and 
showed  that  an  accuracy  of  about  2  %  was 
obtainable  for  the  major  components. 

After  the  fundamental  vibrational  fre- 
quencies of  the  molecule  have  been  deter- 
mined from  the  Raman  (and  for  certain 
symmetrical  structures  also  from  the  infra- 
red) spectral  data,  the  heat  content,  free 
energy,  entropy,  and  heat  capacity  for  the 
ideal  gaseous  state  can  be  calculated  for 
various  temperatures,  provided  the  inter- 
nuclear  distances  and  interbond  angles  are 
known  from  rotational  spectra,  electron  dif- 
fraction, or  microwave  spectra.  The  transla- 
tional  and  rotational  contributions  are  cal- 
culated from  well-known  formulas  and 
added  to  the  vibrational  contributions  ob- 
tained from  tables  which  list  the  values  of  the 
thermodynamic  functions  for  various  values 
of  A<r/r(!T  =  temperature  in  °K).  The  values 
thus  calculated  are  usually  more  reliable 
and  extensive  than  the  observed  values. 

FORREST  F.  CLEVELAND 
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Solar  spectroscopy  is  the  oldest  of  the 
divisions  of  spectroscopic  science.  The  his- 
tory of  the  efforts  extended  by  its  practi- 
tioners toward  the  attainment  of  perfection 
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in  observation  and  interpretation  is  parti- 
tioned by  several  periods  when  within  a  few 
years'  time,  crucial  experimental  results  were 
obtained.  Newton's  experiments  (1672)  serve 
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to  separate  the  early  and  rather  haphazard 
observations  of  ancient  days  from  the  con- 
trolled experimentation  that  is  a  characteris- 
tic of  modern  investigations.  For  this  reason, 
Newton's  studies  of  the  sun's  spectrum  are 
often  taken  as  the  beginnings  of  solar  spec- 
troscopy. 

More  than  100  years  later  (1817),  a  sec- 
ond era  of  rapid  development  was  initiated 
by  Fraunhofer,  who  not  only  produced  a 
very  useful  map  of  the  solar  spectrum,  but, 
more  importantly,  invented  spectroscopic  ap- 
paratus used  today  in  all  powerful  instru- 
ments. Although  Fraunhofer  was  aware  of 
the  existence  of  a  bright  yellow  line  in  the 
spectra  of  flames,  and  realized  the  impor- 
tance of  the  coincidence  of  this  yellow  line 
with  the  dark  line  that  he  had  labeled  "D" 
in  the  solar  spectrum,  he  did  not  permit  him- 
self to  be  diverted  from  the  task  of  perfect- 
ing astronomical  telescopes  by  this  promising 
new  field  of  research. 

In  the  1840's  an  important  principle  of 
modern  astronomical  spectroscopic  analysis 
was  first  published  by  Doppler  (1842),  and 
later  (1848)  more  correctly  stated  by  Fizeau. 
Doppler's  principle  asserts  that  the  observed 
color  of  the  light  emitted  by  a  body  may  be 
changed  as  the  relative  motion  of  the  ob- 
server and  the  emitter  changes.  Fizeau's 
version  of  the  principle  states  that  the  ob- 
served wavelength  of  a  given  spectral  line 
emitted  from  a  moving  body  will  differ  from 
the  wavelength  of  the  same  line,  emitted 
from  a  body  at  rest,  by  an  amount  equal  to 
the  product :  the  wavelength  at  rest  times  the 
ratio  of  the  line  of  sight  velocity  of  the  source 
and  the  observer  to  the  velocity  of  light.  In 
this  form,  the  principle  has  immediate  appli- 
cation to  the  spectroscopic  measurement  of 
astronomical  velocities,  and  it  is  fundamental 
not  only  to  the  determination  of  the  motions 
of  various  parts  of  the  sun,  but  also  to  the 
derivation  of  temperatures  based  on  the 
random  velocities  of  the  atoms  in  the  solar 
atmosphere. 


About  ten  years  after  the  introduction  of 
Doppler's  principle,  Kirchhoff  (1859)  again 
directed  attention  to  the  enormous  signifi- 
cance of  the  coincidences  between  the  absorp- 
tion lines  in  the  sun  and  the  bright  lines  in 
laboratory  sources.  Kirchhoff  was  able  to 
deduce  a  number  of  important  laws  of  spec- 
trochemical  analysis  from  the  data  that  had 
accumulated  since  1817.  Solar  astronomers 
rapidly  applied  the  generalizations  of  Fraun- 
hofer, Doppler,  Fizeau,  and  Kirchhoff  to  a 
series  of  spectroscopic  comparisons  of  the 
sun  and  laboratory  sources  during  the  last 
third  of  the  19th  century.  These  researches 
established  the  bases  for  the  study  of  the 
temperatures  and  pressures  in  the  solar  at- 
mosphere, and  resulted  in  a  remarkably  com- 
plete identification  of  the  chemical  elements 
present.  Indeed,  they  led  to  the  discovery  of 
helium,  then  unknown  on  earth,  in  1868. 

Near  the  beginning  of  the  1900's  Rowland 
published  a  table  of  solar  spectrum  wave- 
lengths that  summarized  much  of  the  earlier 
work  and  presented  a  large  amount  of  new 
data.  Rowland's  table  is  composed  of  wave- 
lengths for  the  solar  lines  derived  from  new- 
measurements,  identification  of  chemical 
elements,  based  on  coincidences  of  the  ab- 
sorption lines  in  the  sun  with  emission  lines 
from  laboratory  sources,  and  estimations  of 
line  strengths.  The  new  results  of  the  table 
were  the  first  to  be  based  entirely  on  spec- 
trum photographs.  They  were  also  the  first 
fruits  of  the  use  of  a  concave  diffraction 
grating,  an  instrument  invented  and  de- 
veloped to  near-perfection  by  Rowland.  The 
publication  of  Rowland's  table  (which  is  still 
being  revised  and  brought  up  to  date)  may 
be  said  to  mark  the  start  of  modern  solar 
spectroscopy. 

Some  Forms  of  Solar  Spectroscopes. 
All  the  early  results  were  obtained,  neces- 
sarily, with  rudimentary  apparatus  which 
has  evolved  through  the  application  of  tech- 
nical advances  into  what  is  now  a  more  or 
less  definite  type  of  instrument.  It  is  this, 
particular  instrument  type  that  distinguishes 
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solar  spectroscopy  from  the  other  branches 
of  the  science. 

Thanks  chiefly  to  Rowland's  revolutionary 
achievements,  the  modern  solar  spectro- 
scope is  constructed  around  a  nearly  perfect 
diffraction  grating.  Rowland's  investigation 
of  the  sun's  spectrum  made  use  of  concave 
diffraction  gratings  of  his  own  manufacture 
in  the  distinctive  arrangement  illustrated  in 
Figure  1.  The  distinguishing  features  of  the 
Rowlanu  mounting  are:  (1)  the  slit  and  focal 
surface  lie  on  a  circle  (the  Rowland  Circle) 
the  diameter  of  which  is  equal  to  the  radius 
of  curvature  of  the  grating  surface;  (2)  the 
angle  defined  by  the  lines  joining  the  three 
points :  the  center  of  the  grating,  the  center  of 
the  slit,  and  the  center  of  the  spectral  image, 
is  a  right  angle.  The  first  of  these  character- 
istics is  common  to  a  large  number  of  con- 
cave grating  spectroscopes,  viz. :  the  Paschen- 
Runge,  the  Abney,  the  radius,  and  the  Eagle 
mountings.  These  modifications  of  Rowland's 
original  mounting  have  been  used  only  occa- 
sionally for  solar  spectroscopy,  but  the  graz- 
ing-incidence  modification  of  the  Paschen- 
Runge  mounting  (indicated  by  82  =  entrance 
slit,  and  COSIs  =  center  of  spectral  image 


in  Figure  1)  will  probably  be  much  used  in 
primitive  investigations  of  the  sun's  ultra- 
violet spectrum  from  satellites  and  rockets. 

Perhaps,  among  the  types  of  spectroscopes 
that  employ  concave  gratings  as  their  means 
of  dispersion,  the  most  important  are  those 
which,  in  addition  to  the  grating,  use  a  lens, 
or  mirror,  to  irradiate  the  grating  with  a  col- 
limated  beam.  Three  examples  are  shown  in 
Figure  2,  a,  b,  and  c.  Figure  2a  is  a  sketch  of 
an  application  of  the  concave  grating  to  the 
photography  of  the  thin  crescent  of  the  sun 
that  is  formed  just  before,  and  just  after,  the 
total  phase  of  a  solar  eclipse  (the  flash  spec- 
trum). The  concave  grating  alone  forms  an 
efficient  spectroscope,  for  the  extremely  fine 
crescent  between  the  edges  of  the  sun  and 
moon  simulates  a  silt  source  at  a  practically 
infinite  distance,  and  very  excellent  spectra 
may  be  obtained  with  this  simple  arrange- 
ment. The  Wadsworth  mounting,  shown  in 
Figures  2b  and  c,  is  used  mainly  in  special 
investigations  which  require  the  recording  of 
radiation  throughout  a  continuous,  and  wide, 
range  of  wavelengths,  and  in  which  high 
dispersion  may  be  sacrificed. 

In  the  recent  past,  instruments  employing 
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FIG.  1.  Rowland  mounting  of  a  concave  grating. 
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FIG.  2a.  Concave  grating  in  flash  spectroscope. 


Divergent    Beam  from  Slit 
to  Col  lima  tor  Lens 


Collimated   Beam 
Lens  to  Grating 


From 

Telescope  Image  of 

Sun  Focussed  on  Slit 


Focal  Surface 
R  of  Curvature 

•4 


FIG.  2b.  Wadsworth  mounting  of  a  concave  grating  with  lens  as  collixnator. 
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FIG.  2c.  Wadsworth  mounting  of  a  concave  grating  with  mirror  as.  collimator. 


plane  gratings  in  an  autocollimating  arrange- 
ment, shown  in  Figure  3,  have  dominated 
solar  research.  The  essentials  of  these  in- 
struments are:  (1)  a  plane  diffraction  grat- 
ing, as  nearly  perfect  as  possible,  and  with  as 
large  a  ruled  surface  as  can  be  produced;  (2) 
a  collimator-camera  lens  as  nearly  perfect  as 
possible,  and  with  a  focal  length  of  the  order 


of  30  meters.  At  the  present  (1959)  stage  of 
technical  progress,  gratings  of  the  best 
quality  may  have  ruled  surfaces  of  the  order 
of  200  X  250  millimeters.  The  aperture  of  the 
lens  is  chosen  to  provide  full  illumination  for 
the  grating.  Two  important  advantages  of 
this  mounting  are:  the  ease  with  which  spec- 
tra of  different  orders  may  be  studied,  since 
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the  rotation  of  the  grating  about  the  central 
groove  will  direct  any  possible  spectral  order 
or  wavelength  to  the  focal  plane;  and  the 
relatively  small  space  required  for  housing 
the  instrument.  The  space  requirement  is 
important  because  it  is  often  necessary  to 
control  the  temperature  within  the  spectro- 
graph  very  closely,  or  even  to  evacuate  the 
instrument,  in  order  to  obtain  the  best  spec- 
troscopic  definition. 

A  plane  diffraction  grating  is  often  used  at 
eclipse  times  for  the  observation  of  the  flash 
spectrum  in  an  arrangement  shown  sche- 
matically in  Figure  4.  This  use  of  the  plane 
grating  is  analogous  to  the  use  of  the  con- 
cave grating  (Figure  2a)  for  the  photography 
of  the  flash  spectrum.  Spectra  obtained  with 
these  simple  spectroscopes  permit  a  deriva- 
tion of  the  distribution  of  the  various  chemi- 
cal elements  at  different  heights  in  the  sun's 
outer  layers. 


Many  of  the  most  recently  constructed 
spectroscopes  for  purely  solar  research  em- 
phasize optical  systems  that  are  composed 
entirely  of  reflecting  surfaces.  In  a  common 
form  (Figure  5),  a  concave  mirror  is  used  as 
a  collimator  to  direct  a  collimated  beam  of 
radiation  to  a  plane  diffraction  grating.  The 
diffracted  beam  from  the  grating  is  received 
by  a  second  concave  mirror  which,  in  turn, 
forms  an  image  of  the  spectrum.  In  this  ar- 
rangement the  slit,  grating  and  focal  plane 
can  be  arranged  close  together  near  one  end 
of  the  instrument  with  the  collimator  and 
camera  mirrors  at  the  other  end.  Many  of  the 
advantages  of  the  autocollimating  plane 
grating  instrument  are  retained  in  this  all- 
reflecting  construction. 

A  rather  similar  scheme  (Figure  6),  known 
as  the  Ebert  spectroscope,  has  found  appli- 
cation to  those  studies  of  the  sun  that  re- 
quire the  photography  of  long  arcs  along  the 
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FIG.  3.  Autocollimating  plane-grating  spectroscope. 
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solar  limb,  and  also  to  investigations  de- 
manding the  transmission  of  mflarimiiTn 
power  to  a  detector. 

The  descriptions  just  given  cover  the  prin- 
cipal forms  of  spectroscopes  used  in  solar 
astronomy.  Frequently,  spectroscopic  in- 
struments, including  interference  filters  and 
interferometers,  are  combined  into  complex 
instruments  suitable  for  specialized  investi- 
gations that  require  the  maximum  spectro- 
scopic refinement. 

The  Interpretation  of  Solar  Spectros- 
copic Observations.  Interpretations  of  the 
observations  obtained  with  powerful  spec- 
troscopes have  led  to  a  high  degree  of  per- 
fection in  the  descriptive  spectroscopy  of  the 
solar  spectrum.  As  indicated  above,  the  first 
detailed  description,  supported  by  measure- 
ments, was  published  by  Fraunhofer  in  1814. 
A  map  of  the  solar  spectrum,  published  by 


Angstrom  in  1868,  constituted  a  considerable 
advance  over  the  earlier  work  and  provided 
spectroscopists  with  their  first  useful  stand- 
ards of  wavelengths.  The  publication  of  Row- 
land's description  of  the  solar  spectrum  in 
his  "Preliminary  Table  of  Solar  Spectrum 
Wavelengths"  began  in  1895.  It  included 
wavelengths,  intensity  estimates,  and  iden- 
tifications of  the  probable  chemical  sources 
of  many  of  the  solar  lines.  It  achieved  such 
high  standards  that  it  set  a  pattern  for  the 
final  efforts  in  this  field,  In  1928  the  Mount 
Wilson  Observatory  published  a  very  con- 
siderable extension  and  refinement  of  Row- 
land's preliminary  work.  A  further  additional 
refinement  of  the  listing  of  the  wavelengths 
of  all  solar  lines,  their  intensities  and  identi- 
fications, is  in  the  process  of  publication  by 
the  International  Astronomical  Union. 
One  of  the  parts  of  the  description  of  the 
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solar  spectrum  can  be  correctly  labeled  as  a 
qualitative  spectroscopic  chemical  analysis 
of  the  sun's  atmosphere.  Such  an  analysis 
depends  chiefly  on  knowing  the  positions  of 
the  lines  in  the  spectrum  and  their  total  ab- 
sorptions. In  earlier  works,  and  indeed  in 
many  of  the  most  modern  descriptions,  total 
absorptions  are  eye  estimations  of  a  rather 
undefinable  quantity,  called  the  "intensity 
of  the  line/'  The  "intensity  of  the  line"  is  a 


Continuous 


guess  at  the  total  amount  of  energy  ab- 
sorbed from  the  continuous  background  of 
the  solar  radiation  in  the  region  of  the  spec- 
trum line  (Figure  7).  The  most  direct  and 
widely  used  method  of  identifying  solar  lines 
with  those  of  known  atoms  and  molecules  is 
by  direct  comparison  with  laboratory  spec- 
tra (Figure  8).  Such  identifications  are  based 
on  the  precise  coincidence  in  the  positions 
of  the  spectral  line  in  the  solar  and  terrestrial 


Background 


Wave  length 

FIG.  7.  "Intensity  of  line"  is  the  cross-hatched  area. 


(Courtesy  of  the  California  In*,  of  Technology  Press) 

1.  Scale  of  wave  lengths          2.  Laboratory  spectrum  of  iron  arc          3.  Spectrum  of  sun 

a.  8.  Comparison  of  spectrum  of  iron  arc  and  the  spectrum  of  the  sun.  Note  the  close  coincidence 

in  position  between  tbfflatR»atoryUnes"ana^e  sun  lines,  and  the  approximate  coincidence  in  intensities. 
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spectra,  and  on  good  agreement,  line  by  line, 
in  the  intensities,  even  though  the  solar  lines 
appear  dark  in  absorption  and  the  terrestrial 
lines  are  bright  in  emission.  Direct  identi- 
fications of  this  kind  are  often  supplemented 
by  the  prediction  of  line  positions.  The  wave 
lengths  of  the  predicted  lines  are  calculated 
from  differences  between  atomic  energy 
levels  that  have  been  derived  from  laboratory 
spectra.  The  prediction  method  has  been 
particularly  advantageous  for  the  identifica- 
tion of  unusual  lines.  The  appearance  of  the 
lines  of  neutral  Fe  is  especially  favored  in  the 
solar  spectrum  because  of  the  appropiate 
temperatures  and  the  long  path  length  of  the 
photosphere,  hence,  this  spectrum  is  more 
fully  represented  in  the  sun  than  in  any 
possible  combination  of  terrestrial  sources. 
The  large  number  of  the  lines  that  are  iden- 
tified in  the  solar  spectrum  as  belonging  to 
Fe  are  so  assigned  on  the  basis  of  predicted 
wavelength. 

A  recently  published  compilation  of  the 
identifications  that  are  considered  reasonably 
certain  lists  about  67  chemical  elements.  The 
identifications  are  based  on  atomic  spectra 
with  the  exception  of  those  for  B  and  F, 
which  appear  only  in  the  spectra  of  molecu- 
lar compounds.  The  terrestrial  elements 
the  presence  of  which  cannot  be  established 
in  the  solar  spectrum  can  be  accounted  for  on 
the  bases  of  low  abundance,  unobservable  lo- 
cation of  the  sensitive  lines  in  the  spectrum, 
and  the  relative  instability  of  some  of  the 
radioactive  atomic  species.  In  addition  to 
the  atomic  lines  there  are  some  molecular 
band  systems  also  identified.  Fourteen  di- 
atomic molecules  are  certainly  present  and 
there  is  a  possibility  of  nine  others.  Except 
for  the  bands  of  C2  and  ON  all  of  the  band 
lines  are  normally  weak.  In  fact,  many  of 
them  are  completely  absent  from  the  normal 
solar  spectrum  and  are  detected  only  in  spec- 
tra of  sunspots.  Except  for  CO,  the  funda- 
mental and  first  overtone  vibrational  bands 
of  which  are  observed  in  the  infrared  part  of 


the  solar  spectrum,  all  of  the  bands  so  far  dis- 
covered originate  in  electronic  transitions. 

More  than  30,000  lines  have  been  re- 
corded in  the  solar  spectrum. 

Once  the  chemical  origin  of  the  solar  ab- 
sorption lines  has  been  established  a  possible 
next  step  is  to  attempt  to  use  the  spectral 
features  for  a  quantitative  chemical  analysis. 
Although  the  qualitative  chemical  analysis 
of  the  solar  atmosphere  can  be  successfully 
established  on  the  basis  of  subjective  estima- 
tions of  the  energy  absorbed  by  the  spectrum 
lines,  measurements  are  required  for  the 
quantitative  analysis.  However,  one  must 
point  out  in  passing  that  it  is  true  that  a 
first,   approximately  correct,   quantitative 
estimation  of  the  abundance  of  the  chemical 
elements  in  the  solar  atmosphere  was  based 
on  eye  estimates  alone.  Several  detailed 
measurements  of  the  energy  absorbed  by  the 
spectrum  lines  of  the  given  chemical  ele- 
ment in  the  solar  spectrum  are  being  made  in 
the  hope  that  such  precisely  measured  ab- 
sorption will  increase  the  precision  of  the 
quantitative  analysis.  A  sample  of  the  results 
of  the  current  quantitative  chemical  analysis 
of  the  solar  atmosphere  is  given  in  Table  1. 
A  complete  knowledge  of  the  chemical  ele- 
ments present  in  the  solar  atmosphere  and  of 
their  relative  abundances  does  not  give  suf- 
ficient information  to  make  possible  the 
prediction  of  the  observed  appearance  of  the 
solar  spectrum  in  detail.  Additional  informa- 
tion concerning  the  physical  state  of  the 
sun's  atmosphere  is  required  for  the  refine- 
ment of  the  theoretical  prediction.  The  vari- 
ation of  the  temperatures  and  pressures  along 
a  radius  of  the  sun  must  be  known.  One 
would  also  like  to  know  the  extent  of  the 
magnetic  and  electric  fields,  both  macro- 
scopic and  interatomic.  A  knowledge  of  the 
velocity  field  and  whether  it  is  turbulent  or 
convective  doubtless  would  also  be  helpful. 
Clues  to  the  values  of  all  of  these  parameters 
are  contained  in  observations  of  the  way  in 
which  the  intensity  within  a  given  spectrum 
line  varies  with  the  wavelength  within  the 
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TABLE  1.  ABUNDANCES  OF  THE  CHEMICAL  ELEMENTS  IN  THE  SOLAR  ATMOSPHERE 
(H  -  12.00  by  definition— 12.00  is  the  logarithm  to  the  base  10  of  the  number  of  H  atoms.) 


Atomic 
Number 

Element 

Abundance 

Atomic 
Number 

Element 

Abundance 

1 

H 

12.00 

41 

Nb 

2.0 

2 

He 

11.3 

42 

Mo 

1.9 

3 

Li 

1.0 

43 

To 

Absent 

4 

Be 

2.4 

44 

Ru 

1.4 

5 

B 

Appears  in  BH 

45 

Rb 

0.8 

6 

C 

8.7 

46 

Pd 

1.2 

7 

N 

8.0 

47 

Ag 

0.6 

8 

0 

9.0 

48 

Cd 

1.5 

9 

F 

MgF,  SrF 

49 

In 

1.2 

10 

Ne 

Absent 

50 

Sn 

1.5 

11 

Na 

6.3 

51 

Sb 

1.9 

12 

Mg 

7.4 

52 

Te 

Absent 

13 

Al 

6.2 

53 

I 

Absent 

14 

Si 

7.5 

54 

Xe 

Absent 

15 

P 

5.3 

55 

Cs 

Absent 

16 

S 

7.3 

56 

Ba 

2.1 

17 

Cl 

Absent 

57 

La 

Present 

18 

A 

Corona 

58 

Ce 

Present 

19 

K 

4.7 

59 

Pr 

Present 

20 

Ca 

6.2 

60 

Nd 

Present 

21 

So 

2.8 

61 

Pm 

No  Data 

22 

Ti 

4.7 

62 

3m 

Present 

23 

V 

3.7 

63 

Eu 

Present 

24 

Or 

5.3 

64 

Gd 

Present 

25 

Mn 

4.9 

65 

Tb 

Present? 

26 

Fe 

6.6 

66 

Dy 

Present 

27 

Co 

4.6 

67 

Ho 

No  Data 

28 

Ni 

5.5 

68 

Er 

Present? 

29 

Cu 

5.0 

69 

Tm 

Present 

30 

Zn 

4.4 

70 

Yb 

1.5 

31 

Ga 

2.4 

71 

Lu 

Present 

32 

Ge 

3.3 

72 

Hf 

Present 

33 

As 

Absent 

73 

Ta 

Present? 

34 

Se 

Absent 

74 

W 

Present 

35 

Br 

Absent 

75 

Re 

Absent 

36 

Kr 

Absent 

76 

Os 

Present 

37 

Rb 

2.5 

77 

IT 

Present 

38 

Sr 

2.6 

78 

Pt 

Present 

39 

Y 

2.2 

79 

Au 

Present? 

40 

Zr 

2.2 

80 

Hg 

Absent 

81 

Tl 

Absent 

82 

Pb 

1.0 

No  elements  with  atomic  numbers  greater  than  82  have  been  detected. 
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solar  spectrum.  The  intensity  wavelength 
function  can  also  be  determined  for  various 
positions  on  the  solar  disk.  The  curve  repre- 
senting the  spectral  variation  of  intensity 
within  a  single  absorption  line  (Figure  7)  is 
called  the  line  profile,  or  line  contour.  Elab- 
orate analyses  may  be  based  on  single  line 
profiles  or  on  the  comparison  of  a  number  of 
line  profiles.  The  profiles  may  refer  either  to 
one  chemical  element  or  a  number  of  lines 
may  be  chosen  from  among  the  different  ele- 
ments. In  general,  the  procedure  involves 
assumptions  concerning  the  value  of  certain 
physical  parameters  and  the  calculation  with 
these  assumed  values  of  a  predicted  appear- 
ance of  the  line  profile  under  consideration. 
The  differences  between  the  observed  and 
computed  profiles  form  the  bases  for  refine- 
ments of  the  assumed  values.  The  assump- 
tions are  varied  until  the  observed  and  com- 
puted profiles  agree  within  the  limits  set  by 
the  errors  of  observation. 

Great  care  must  be  exercised  at  all  points 
of  the  design  of  a  spectroscope  for  profile 
investigation  to  keep  the  instrumental  dis- 
tortions of  the  spectral  images  to  a  minimum. 
The  usual  forms  of  spectroscopes  have  such 
serious  distortions  that  studies  of  line  pro- 
files have  progressed  very  slowly. 

A  listing  of  all  line  profiles  so  far  studied 


would  be  very  short  indeed  and  the  deduc- 
tions of  the  physical  conditions  on  the  sun 
from  observations  of  the  changes  of  intensity 
within  its  spectrum  remains  almost  com- 
pletely untouched.  Thus,  solar  spectroscopy, 
now  that  the  descriptive  aspects  have  been 
finished  is  entering  the  interesting  phase  in 
which  the  detailed  physical  structure  of  the 
sun  will  be  derived. 

Literature.  A  fundamental  reference  for 
all  early  work  in  spectroscopy  is  H.  Kayser, 
Handbuch  der  Spektroskopie  (Leipzig,  1900). 
In  a  number  of  volumes  Professor  Kayser  has 
written  a  complete  history  of  spectroscopic 
investigation. 

There  is  no  modern  summary  of  spectro- 
scopic investigation  comparable  with  that  of 
Kayser.  Perhaps  the  best  sources  of  informa- 
tion will  be  found  scattered  through  the 
publications  of  the  Mt.  Wilson  Observatory. 
Particularly  after  1918,  these  publications 
give  a  running  account  of  modern  spectro- 
scopic solar  research  at  one  of  the  world's 
leading  observatories. 

An  excellent  summary  of  conclusions  based 
on  solar  spectroscopy  will  be  found  in  Un- 
sold "Physik  der  Steraatmospharen"  (Ber- 
lin, 1955). 

OBEEN  MOHLEB 


VACUUM  SPECTROSCOPY 


With  the  Space  Age  has  come  a  resurgence 
of  interest  in  the  field  of  vacuum  or  far  ultra- 
violet spectroscopy.  The  vacuum  of  space 
does  not  denote  empty  space,  for  it  is  a  region 
of  intense  chemical  activity  where  far  ultra- 
violet, x-ray  and  cosmic  radiation — screened 
from  the  inhabitants  below — triggers  reac- 
tions unknown  on  earth.  Sparse  as  they  are, 
atoms  of  the  gases  combine  to  form  ozone, 
nitrogen  oxides  and  other  highly  reactive 


compounds.  The  military  has  learned  that 
these  can  destroy  structural  parts  of  aircraft, 
interfere  with  fuel  combustion  and  play 
havoc  with  electronic  devices.  One  way  of 
anticipating  the  problems  is  to  duplicate  up- 
per atmosphere  conditions  in  the  earth- 
bound  laboratory.  By  artificially  creating  the 
radiation  conditions  above  the  earth,  spec- 
trographers  hope  to  learn  how  to  cope  with 
the  real  problems. 
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To  conventional  spectrographers,  such 
studies  may  appear  deceptively  simple.  First, 
let  us  dispel  that  illusion.  The  vacuum  ultra- 
violet refers  to  the  region  from  about  50  to 
2000A  to  which  air  is  fortunately  opaque. 
Unlike  other  regions,  there  is  no  known 
source  of  "white"  radiation  for  absorption 
spectroscopic  measurements  in  this  region. 
Black-body  radiation  serves  the  infrared;  a 
hydrogen  continuum  the  ordinary  ultravio- 
let. But  the  only  known  continuum  in  the 
far  ultraviolet  is  the  Lyman  source  which 
consumes  its  electrodes  rapidly  and  is  too 
unstable  for  most  work.  The  hydrogen  lamp 
continuum  becomes  many-lined  below 
1650A.  The  rare  gases  exhibit  continua  over 
only  narrow  spectral  ranges.  So  the  spectrog- 
rapher  doing  absorption  work  must  con- 
stantly switch  from  one  source  to  another  in 
order  to  cover  a  meaningful  spectral  range. 
From  1650-2000A,  he  will  use  a  hydrogen 
discharge.  Between  1070-1 650A,  a  silent  dis- 
charge using  200  Trnn  pressure  of  argon  may 
be  used.  Alternatively,  using  the  same  cir- 
cuitry, the  continuum  of  xenon  extends  from 
1500  to  1900A;  krypton  from  1240  to  1850A. 

But  if  the  source  is  still  a  problem,  it  has 
its  equal  in  the  detector,  photographic  and 
photoelectric.  Temperamental  in  other  re- 
gions, photographic  emulsions  are  even  more 
so  below  2000A  and  are  subject  to  scratching, 
distortion  and  variable  sensitivity.  Recently, 
a  photoelectric  detector  was  discovered 
which  offers  much  promise.  It  is  a  sodium 
salicylate  covered  multiplier  phototube.  A 
phosphor,  sodium  salicylate  was  found  to 
have  the  property  of  constant  quantum  effi- 
ciency over  a  wide  range  of  the  far  ultra- 
violet. That  is  to  say,  its  electrical  output  is 
identical  whether  it  is  irradiated  with  the 
same  amount  of  energy  at  2000A  or  1000A. 

While  on  the  subject  of  the  difficulties  fac- 
ing the  vacuum  spectrographer,  it  would  be 
well  to  remind  those  of  us  who  may  be  used 
to  running  dozens  of  samples  a  day,  that  our 
patience  might  be  strained  in  the  vacuum 
region.  Changing  samples,  loading  and  un- 
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loading  film — speedily  done  in  other  regions 
— are  all  time-consuming  operations  in  far 
ultraviolet  work. 

Despite  the  obstacles,  a  good  deal  of  prac- 
tical information  is  currently  being  obtained. 
Take  the  field  of  reaction  kinetics  which  may 
seem  to  be  a  highly  theoretical  subject,  re- 
mote from  any  practical  implications.  Just 
the  opposite  is  true,  however.  Consider  the 
problem  of  reentry  of  missiles  into  our  at- 
mosphere. Here  the  nose  of  the  missile  is 
subjected  to  heat  of  such  intensity  that  most 
solids  would  instantly  vaporize.  Part  of  the 
heat  is  caused  when  the  missile  catalyzes  the 
reaction 

0  +  0  -  0* 

releasing  a  good  deal  of  energy.  Preventing 
or  inhibiting  this  reaction  is  thus  of  immedi- 
ate military  concern. 

A  unique  method  of  studying  the  reaction 
was  devised  at  the  General  Electric  Missiles 
&  Ordnance  Department  in  Philadelphia  by 
a  group  under  the  direction  of  Myerson.  The 
first  step  was  to  dissociate  molecular  oxygen 
into  atomic  oxygen,  the  reverse  of  the  above 
reaction.  This  may  be  accomplished  in  an 
RF  field  or  through  photolysis,  using  a  flash 
of  light  around  1750A.  This  wavelength  is 
equivalent  to  the  8  ev  required  for  dissocia- 
tion. 

Having  dissociated,  the  oxygen  atoms  re- 
combine  spontaneously.  To  measure  the  re- 
combination rate,  Dr.  Myerson  tried  three 
approaches:  1)  studying  the  intensity 
changes  with  time  of  the  molecular  oxygen 
continuum  around  1750A;  2)  measuring  the 
intensity  change  of  the  atomic  oxygen  line 
at  1302A;  3)  through  flash  spectroscopy 
where  photographs  of  the  spectrum  are 
taken  at  different  delay  intervals  after  a 
flash  dissociates  the  molecule.  The  last  tech- 
nique will  be  discussed  at  greater  length  later. 

History 

Before  going  into  further  analytical  po- 
tentialities of  the  vacuum  ultraviolet,  let  us 
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ponder  the  region  as  perhaps  did  Schumann 
in  the  1890's.  During  those  pioneering  days, 
knowledge  of  the  region  was  absolutely  nil. 
Transparent  optics  had  to  be  discovered  and 
sensitive  photographic  plates  had  to  be  in- 
vented if  the  region  was  to  be  explored.  Even 
the  prism,  commonly  made  of  quartz  and  the 
heart  of  all  spectrographs  at  that  time,  was 
found  to  block  out  radiation  beyond  2000A 
in  the  ultraviolet. 

Schumann's  first  task  then  was  to  find  a 
suitable  material  for  the  prism.  Years  of  sys- 
tematic hunting  through  every  natural 
mineral  he  could  obtain,  finally  led  h™.  to 
calcium  fluoride  (fluorite)  and,  attesting  to 
his  thoroughness,  this  is  still  used  today  down 
to  1200A,  its  cut-off  point.  But  finding  a 
prism  material  was  only  the  first  step.  What 
the  optics  now  transmitted,  the  photographic 
plate  did  not  detect  and  the  air  in  the  spec- 
trograph  filtered  out.  The  realization  that 
these  were  three  separate  and  distinct  prob- 
lems was,  in  itself,  a  tremendous  achieve- 
ment. We  can  imagine  that  when  Schumann 
first  discovered  fluorite,  he  measured  his  suc- 
cess in  terms  of  a  tiny  improvement  in  the 
spectrograms.  Not  until  all  three  problems 
were  solved,  however,  did  he  achieve  spec- 
trograms which  really  extended  scientific 
knowledge  appreciably.  This  collective 
achievement — this  lifetime  of  work — is  what 
has  made  Victor  Schumann  the  most  im- 
portant contributor  to  vacuum  spectroscopy. 

After  discovering  fluorite,  Schumann 
turned  his  efforts  to  the  photographic  plate 
— the  second  problem.  The  plate  which  he 
invented — if  you  can  call  the  long  series  of 
trial-and-error  experiments  he  conducted 
"invention"— is,  like  fluorite,  still  used  to- 
day. The  method  of  preparation  which 
evolved  is  like  an  exotic  food  recipe,  each 
step  of  which  must  be  followed  diligently  if 
results  are  to  be  achieved.  The  plate  must  be 
stripped  of  most  of  its  gelatin,  heated  gin- 
gerly, washed,  dried  and  stored  under  just 
the  right  conditions.  Even  then,  the  emul- 
sion produced  is  unstable,  irreproducible  and 


easily  scratched.  It  has  been,  nevertheless, 
the  basic  photographic  plate  used  in  this  re- 
gion to  the  present  time.  Workers  since 
Schumann  have  shown  that  it  is  sensitive  to 
at  least  50A. 

His  third,  and  perhaps  most  difficult  prob- 
lem, was  absorption  of  radiation  by  the  very 
air  in  the  spectrograph.  Vital  to  his  success 
were  a  home-made  vacuum  pump  and  meas- 
uring equipment  plus  the  ingenious  gadgetry 
which  he  developed  for  changing  wavelength 
and  racking  the  camera  while  maintaining  a 
vacuum.  Were  he  not  so  ingenious,  it  is 
doubtful  whether  he  would  have  had  time — 
let  alone  patience — for  his  achievements.  To 
appreciate  this,  we  must  picture  not  a  mod- 
ern, plug-in  vacuum  pump  but  a  heavy, 
steam-operated  machine  with  leaky  valves 
constantly  threatening  to  squirt  oil  of  rela- 
tively high  volatility  into  the  spectrograph. 
We  must  think  of  his  fragile  mercury  ma- 
nometers rather  than  a  neat  electronic  pack- 
age containing  a  handy  ionization  and  ther- 
mocouple gauge  combination.  We  must 
remember  that  Apiezon  wax,  silicone  oils, 
stainless  steel,  Pyrex  glass,  fused  silica, 
Teflon,  neoprene  o-rings  and  Kovax  glass- 
to-metal  seals  were  undreamed  of  miracles. 
Even  sealing  a  system  vacuum  tight  was  a 
major  undertaking  in  those  days  when  the 
Tesla  coil  (not  to  mention  mass  spectrome- 
ter) leak  detector  was  unknown. 

To  accomplish  his  extraordinary  feats 
without  these  tools  and  materials,  Schumann 
had  to  make  a  painful  choice  in  life:  to  de- 
vote full  time  to  research  or  his  business. 
Fortunately  for  science,  he  chose  the  former, 
sacrificing  his  income  altogether.  From  age 
40,  his  decision  made,  he  was  to  devote  the 
rest  of  his  active  life  to  vacuum  spectros- 
copy, directed  and  financed  completely  by 
himself. 

Another  contributor  who  should  be  singled 
out  for  his  work  in  the  far  ultraviolet  is 
Theodore  Lyman.  In  1906,  Lyman  first  used 
a  concave  grating  in  place  of  the  fluorite 
prism  and  so  was  able  to  make  accurate 
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wavelength  measurements  for  the  first  time. 
Prior  to  that  time,  having  no  way  of  measur- 
ing the  dispersion  of  fluorite,  Schumann 
could  only  approximate  wavelengths  in  this 
region.  Lyman  also  extended  the  studies  to 
500A  and  developed  a  source  bearing  his 
name. 

Using  grazing  incidence  illumination  of  the 
grating,  Compton  and  Doan  (1925)  were  able 
to  study  soft  x-rays,  above  10A.  They  dis- 
covered that  most  materials  have  superior 
reflectivity  below  500A  using  grazing  rather 
than  normal  incidence.  The  discovery,  an 
unexpected  one,  was  not  made  until  about 
19  years  from  Lyman's  first  work  with  grat- 
ings, but,  within  two  years,  Hoag  used  a 
similar  grazing-incidence  mounting  for  the 
vacuum  ultraviolet  and  celebrated  the  "hol- 
ing through"  to  the  x-ray  region. 

A  hot  spark  (sometimes  referred  to  as  a 
vacuum  spark),  originally  discovered  by 
Wood  and  rediscovered  by  Millikan  in  1921, 
is  significant  historically.  It  was  this  source 
that  permitted  the  merger  of  the  x-ray  and 
ultraviolet.  In  fact,  the  hot  spark  emits 
x-rays  of  such  intensity  that  care  must  be 
taken  in  using  it.  The  source  has  fallen  into 
disuse,  however,  both  because  of  its  danger 
and  because  it  is  very  unstable,  eating  away 
its  electrodes  at  a  rapid  rate.  The  eroded 
particles  of  the  electrodes,  tungsten  or  other 
refractory  metals,  sputter  against  the  slit 
jaws  or  even  the  grating  with  such  violence 
that  they  cause  damage. 

To  shorten  this  historical  account,  permit 
a  jump  to  the  present.  During  the  past  thirty 
years,  the  spectra  of  most  of  the  elements 
have  been  accurately  charted,  photographic 
and  vacuum  techniques  vastly  improved, 
lithium  fluoride  has  been  found  to  transmit 
further  into  the  vacuum  region  than  fluorite, 
the  multiplier  phototube  was  invented  which, 
with  its  attendant  electronic  amplifying  and 
recording  systems,  is  a  tremendous  improve- 
ment over  the  delicate  photographic  plate. 


An  Analytical  Tool 

A  paper  by  Jones  and  Taylor,  published  in 
19551  is  about  the  most  complete  account  of 
the  absorption  applications  of  far  ultraviolet 
radiation  as  a  tool  in  analytical  chemistry. 
Among  other  things,  these  chemists  found 
that,  in  this  region,  the  spectra  of  unsatu- 
rated  hydrocarbons  consist  of  broad,  almost 
structureless  bands.  The  spectra  of  members 
of  a  particular  series  were  found  to  be  so 
similar  that  this  region  may  be  used  to  deter- 
mine the  total  concentration  of  this  hydro- 
carbon series.  On  this  basis,  the  authors  in- 
dicate the  possibilities  of  running  a  total 
olefin  determination.  Vacuum  ultraviolet 
analysis  thus  offers  a  tool  to  complement 
more  specific  measurements  on  saturated 
hydrocarbons  in  the  ultraviolet,  visible  and 
infrared.  On  the  other  hand,  Jones  and 
Taylor  found  that,  with  such  substances  as 
conjugated  diolefins,  individual  members  of 
the  series  did  give  rise  to  characteristic  spec- 
tra which  could  be  used  for  specific  identifi- 
cation. Fig.  1  shows  typical  results. 

In  emission,  comparatively  little  has,  as 
yet,  been  done  in  the  vacuum  region.  Spec- 
tra of  many  elements  have  been  studied  and 
reported  in  the  region  below  2000A,  but  the 
region  has  been  put  to  little  practical  use. 
This,  despite  the  fact  that  several  elements 
have  their  strongest  lines  here.  Very  likely, 
the  answer  to  this  little  riddle  lies  in  the 
very  nature  of  progress.  Twenty  years  ago, 
the  spectrographer  was  content  with  buying 
a  basic  spectrograph  and  setting  up  his  own 
auxiliary  equipment.  Now,  he  is  used  to 
buying  a  complete  instrument  in  which  the 
sample  goes  in  one  end  and  the  answer  comes 
out  the  other.  Vacuum  spectroscopy  has  a 
long  way  to  go  to  reach  this  landmark. 

Let  us  question  once  more  the  significance 
of  the  vacuum  ultraviolet,  especially  from 
the  standpoint  of  why  certain  data  must  be 
obtained  here  and  cannot  be  obtained  in 
other  spectral  regions.  Expressed  in  electron 
volts,  the  excitation  potential  of  an  atom  is 
defined  as  the  energy  required  to  elevate  an 
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electron  from  one  orbital  level  to  another. 
Quantum  mechanics  has  shown  that  1  to  100 
ev  corresponds  to  the  region  from  12,500  to 
125A — the  near  infrared  to  the  far  ultravio- 
let. The  excitation  potential  of  many  atoms 
lies  above  6.3  ev  or  below  2000A.  Thus  the 
most  sensitive  lines  of  many  of  the  non-met- 
als, the  metalloids,  the  halogens  and  the 
gaseous  elements,  usually  require  the  vac- 
uum ultraviolet  region. 

An  example  of  the  usefulness  of  this  re- 
gion dates  back  to  1936  when  Harrison,  suc- 
cessfully hurdling  the  high-vacuum  obstacles, 
showed  that  selenium  and  sulfur  could  be 
determined  in  both  nickel  and  steel.  But  it 
remained  for  the  application  of  photoelectric 
detection  to  put  these  determinations  on  a 
routine  basis.  Applied  Research  Labora- 
tories recently  introduced  the  Quantovac,  a 


variation  of  the  more  familiar  Quantometer, 
designed  for  photoelectric  measuremens 
mainly  in  the  region  1600-2000A.  The  Quan- 
tovac may  be  flushed  with  dry  nitrogen 
(transparent  above  1600A)  instead  of  being 
evacuated  so  that  the  high-vacuum  problems 
are  avoided.  Table  1  gives  the  lines  that  are 
normally  used  for  steel  analysis. 

TABLE  1.  QUANTOVAC  (APPLIED  RESBAECH  LAB- 

OEATOBIES)  STANDARD  ABBANQEMENT 

OP  MULTIPLIES  PHOTOTUBES 


1657A 

Carbon 

2714A 

Iron 

1783 
1820 

Phosphorus 
Sulfur 

2933 
3082 

Manganese 
Aluminum 

1890 

Arsenic 

3110 

Vanadium 

2316 
2516 

Nickel 
Silicon 

3133 
3175 

Molybdenum 
Tin 

2677 

Chromium 

3242 

Titanium 

3274 

Copper 
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(Courtesy  Applied  Research  Laboratories,  Inc.) 

FIG.  2.  Quantovac  for  determining  carbon,  sulfur  and  phosphorus  in  steels  in  addition  to  other  al- 
loying and  "tramp"  elements. 

for  phosphorus.  At  levels  of  around  0.02  % 
concentration,  a  precision  of  better  than 
10  %  of  the  amounts  present  is  obtained. 

Hilger  recently  announced  its  Fluorite 
Vacuum  Polychromator,  also  called  the 
CPS  Evaluator.  It  is  an  instrument  func- 
tionally fiirmlfl.r  to  the  Quantovac,  but  based 
on  the  design  of  Bills.  With  it,  Hilger  claims 
satisfactory  accuracy  for  determinations  of 
carbon,  phosphorus  and  sulfur  in  routine 
analyses  of  steels.  The  time  required  for  de- 
termining all  three  elements  in  a  particular 
steel  sample  is  given  as  under  two  minutes,  a 
factor  of  at  least  ten  better  than  conventional 
wet-chemical  methods2. 

Because  of  the  increasing  emphasis  on  the 
role  of  gases  in  metals,  vacuum  spectroscopy 
is  certain  to  blossom.  As  instruments  and 
techniques  of  analysis  become  available, 
these  elements  wiU  gradually  be  added  to 
chemical  specifications.  Further  evidence  of 
such  progress  is  the  development  of  vacuum 
melting  and  casting  techniques.  Produced 
free  of  entrapped  or  alloyed  gases,  metals 
have  many  improved  properties  in  ductility, 
strength,  porosity,  corrosion  resistance,  etc. 
As  is  so  often  the  case,  the  value  of  the  end- 
product  will  necessitate  developing  tech- 
niques for  controlling  its  quality.  Vacuum 
metallurgy,  in  other  words,  is  greatly  en- 
couraging the  development  of  vacuum  spec- 
troscopy. 


(Courtesy  Applied  Research  Laboratories,  Inc.^ 

FIG.  3.  Optical  arrangement  of  Quantovac.  The 
phototubes  for  C,  As,  8  and  P  are  located  inside 
the  vacuum  while  those  for  the  other  elements  are 
outside. 


The  Mond  Nickel  Co.  Development  and 
Research  Laboratory  in  Birmingham,  Eng- 
land, has  made  another  compromise  with  the 
vacuum  problem.  Here  a  permanently  evacu- 
ated spectrograph  is  used,  the  arc-spark 
stand  alone  flushed  with  nitrogen.  With  this 
arrangement,  only  a  very  short  nitrogen 
path  is  introduced.  K.  M.  Bills  of  the  Mond 
Nickel  Company  reported  that,  using  this 
instrument,  40  samples  per  day  of  cast  iron 
may  be  analyzed  for  sulfur  and  phosphorus. 
Photoelectric  integration  results  in  a  limit 
of  detection  of  0.002  %  for  sulfur  and  0.005  % 
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(Courtesy  HUger  A  Watts  Ltd.) 

FIG.  4.  Fluorite  Vacuum  Polychromator  or  OPS  Evaluator  specially  designed  for  determining  car- 
bon, sulfur  and  phosphorus  in  metals. 


Research  in  Free  Radicals 

As  has  been  pointed  out,  study  of  vacuum 
spectroscopy  is  intimately  connected  with 
the  outer  space  program.  Another  broad 
area  where  vacuum  spectroscopy  is  being 
put  to  great  use  is  in  free-radical  research. 
So  important  is  this  field  considered  that  an 
exhaustive  three-year  research  study  at  the 
National  Bureau  of  Standards  is  under  way 
in  which  scientists  throughout  the  world  have 
been  invited  to  participate. 

Although  free  radicals  were  discovered  in 
1900  by  Gomberg,  knowledge  concerning 
their  eccentricities  has  lagged.  Free  radicals 
may  be  defined  as  molecules  in  which  one  of 
the  atoms  has  one  of  its  valences  unoccupied. 
They  thus  exhibit  a  valence  one  less  than 
normal,  e.g.,  carbon  appears  tri-  rather  than 
quadrivalent.  With  a  missing  electron,  a  free 
radical  has  an  odd  number  of  electrons,  giving 


rise  to,  among  other  phenomena,  characteris- 
tic absorption  bands.  The  more  stable  and 
complex  free  radicals  have  been  studied 
through  their  absorption  in  the  near  ultra- 
violet, but  the  simplest,  least  stable  radicals 
absorb  only  in  the  vacuum  ultraviolet  where, 
because  of  technical  difficulties,  very  limited 
studies  have  been  conducted. 

Most  free  radicals  are  extremely  reactive, 
another  property  which  has  discouraged 
their  study.  Explosions  and  flames  are  exam- 
ples of  where  free-radical  reactions  abound. 
Methods  of  observing  the  antics  of  free 
radicals  have,  nevertheless,  been  devised 
over  the  years.  A  famous  one  was  worked  out 
by  Paneth  and  Hofedetz  in  1929.8  In  an 
evacuated  tube,  they  decomposed  tetra- 
methyl  lead  by  heat  to  form  the  methyl  free 
radical.  At  some  distance  along  the  tube  was 
placed  a  lead  mirror  in  order  that  any  free 
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methyl  reaching  the  lead  mirror  would  tar- 
nish it.  Thus,  at  distances  close  to  the  source 
of  tetramethyl  lead,  methyl  free  radicals 
would  react  with  the  lead  mirror.  Increasing 
the  distance,  a  point  would  be  reached  where 
no  free  radicals  would  have  survived  the 
journey  and  the  lead  mirror  would  remain 
shiny.  Mean  free  path  calculations  gave  these 
pioneers  data  on  the  half -lives  of  the  methyl 
free  radical  and  a  method  had  at  last  been 
found  for  making  such  measurements. 

All  free  radicals  are  not,  however,  so  easy 
to  track  down,  a  fact  still  hampering  re- 
search in  this  field.  Over  the  years,  other 
techniques  have  been  devised,  a  notable  one 
being  the  use  of  trapping  the  free  radicals,  as 
they  are  produced,  on  a  surface  cooled  by 
liquid  air.  Here  their  life  expectancy — and 
the  chances  for  their  study — are  improved 
considerably. 

Today,  the  state  of  the  art  of  free  radical 
study  is  such  that  most  work  is  still  in  basic 
research.  Since  many  free  radicals  absorb 
energy  in  the  far  ultraviolet,  the  best  new 
approach  at  detection  makes  use  of  spec- 
troscopy  in  this  region.  Herzberg  and  his 
colleagues  at  the  National  Research  Council 
in  Ottawa  have  worked  out  a  brilliant  scheme 
for  producing  and  then  running  down  the 
free  radicals  using  flash  photolysis  and  ab- 
sorption in  the  far  ultraviolet.  First  they 
form  the  free  radicals  with  a  flash  lamp  of 
extremely  high  intensity.  Once  produced, 
the  free  radicals  pose  for  about  a  millisecond 
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before  they  vanish.  During  this  time,  a  Ly- 
man  source  is  switched  on  and  the  sample, 
placed  in  a  cell  between  this  source  and  the 
spectrographic  slit,  absorbs  radiation  from 
the  Lyman  source,  producing  characteristic 
spectra  of  the  free  radicals  formed  by  the 
flash  source.  This  cycle,  causing  the  spectra 
to  be  recorded  only  when  the  Lyman  source 
is  on,  is  repeated  as  often  as  required  to  pro- 
duce good  spectrograms  of  the  material  un- 
der observation. 

Going  one  step  further,  Nelson  of  the  Bell 
Telephone  Laboratories,  has  designed  a  flash 
lamp  losing  a  sapphire  envelope4' 5  which  per- 
mits irradiation  down  to  about  1450A.  In  this 
region,  a  great. deal  more  energy  is  available 
for  producing  free  radicals  (see  Fig.  5) . 

We  have  stated  that  most  of  the  current 
work  on  free  radicals  is  basic.  Unlike  many 
basic  research  adventures,  however,  the  re- 
wards here  can  almost  be  predicted.  For  in- 
stance, a  better  understanding  of  free  radical 
reactions  is  virtually  certain  to  spark  the  de- 
velopment of  superior  plant  processing  reac- 
tions. Other  possible  fruits  of  free-radical 
study  are  exotic  fuels  which  will  utilize  the 
reaction  heats  of  free  radicals.  No  longer  con- 
fined to  science  fiction  pages  are  suggestions 
that  aircraft  fuels  of  the  future  may  be  ob- 
tained from  the  very  atmosphere  through 
which  the  aircraft  travels.  We  hear  of  "pho- 
tonic" energy  in  which  the  energy  is  derived 
from  light.  Such  energy  is  being  utilized  al- 
ready by  telephone  companies  for  powering 
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FIG.  5.  Absorption  cell  used  for  flash  photolysis  experiments  with  a  sapphire  flash  lamp.6 
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rural  transmission  lines.  Another,  even  more 
exotic  fuel,  is  ordinarily  locked  in  unreacted 
atoms  in  our  ionosphere.  Thus  the  reaction 
mentioned  earlier  in  which  two  free  radicals 
of  oxygen  combine  to  form  molecular  oxygen 
offers  energy  for  the  taking.  Will  it  be  possi- 
ble some  day  to  utilize  as  a  fuel  the  very- 
same  energy  which  destroys  most  rockets  and 
meteors  as  they  enter  our  atmosphere  from 
outer  space? 

Other  Research.  Problems 

One  major  research  area  has  already  been 
mentioned:  the  study  of  free  radicals.  Other 
types  of  problems  are  enumerated  below: 

(1)  Determination  of  absorption  coeffi- 
cient. 

(2)  Photoelectric  studies  of  metals. 

(3)  Photoionization  of  gases. 

(4)  Determination  of  ionization  and  ex- 
citation potentials  and  dissociation  energies. 

(5)  Excitation  spectrum  of  phosphors. 

A  good  deal  of  the  work  in  these  areas  is 
highly  theoretical,  results  advancing  our 
knowledge  of  the  nature  of  atoms  and  mole- 
cules. But,  as  so  often  happens,  practical 
results  often  emerge  unexpectedly.  The  dis- 
covery that  sodium  salicylate  has  a  constant 
quantum  efficiency  is  a  good  example.  It 
stemmed  from  a  systematic  study  of  the  ex- 
citation spectrum  of  a  great  many  phosphors. 

The  work  on  excitation  potentials  and  dis- 
sociation energies  has  many  ultimate  goals. 
A  better  understanding  of  the  mechanism 
of  flames  and  explosions,  for  instance,  may 
pave  the  way  to  more  efficient  fuels  for  jet 
and  rocket  aircraft. 

Instrumentation 

Already  mentioned  are  two  instruments 
designed  for  emission  spectroscopy  in  the 
region  above  the  fused  quartz  cut-off  (around 
1650A).  Between  about  110Q-1650A  is  an- 
other region  from  the  standpoint  of  instru- 
mentation, a  region  where  diffraction  grat- 
ings may  be  used  at  normal  incidence  and 
still  reflect  a  detectable  amount  of  energy. 


Below  1100A,  gratings  must  be  used  at  graz- 
ing incidence  for  reflectivity.  Mounts  which 
employ  grazing  incidence  are  highly  astig- 
matic and  suffer  from  other  optical  im- 
perfections. Urgently  needed  here  is  the 
discovery  of  a  method  of  increasing  the  re- 
flectivity of  a  grating  at  normal  incidence.  A 
recent  paper  by  Haas  and  Tousey6  has  shown 
a  number  of  avenues  by  which  this  may  be 
accomplished.  An  overcoat  of  magnesium 
fluoride  over  aluminum  was  found  to  increase 
its  reflectance  from  35  to  80  %  at  1200A  and 
from  5  to  50  %  at  1100A.  An  evaporated  film 
of  platinum  was  found  to  have  a  reflectivity 
of  about  20%  down  to  600A.  Furthermore, 
platinum  showed  very  little  aging,  being 
unaffected  by  intense  far  ultraviolet  radia- 
tion. Zinc  sulfide  over  germanium-coated 
glass  was  found  to  have  a  reflectivity  of  20- 
35  %  from  800  to  2000A  and  has  the  advan- 
tage of  very  poor  reflectivity  in  the  near 
ultraviolet  and  visible.  The  advantage  here  is 
to  cut  down  on  spurious  reflections  from 
stray  light. 

For  the  region  above  1100A,  several  com- 
mercial instruments  are  now  manuf  actured 
for  absorption  measurements  particularly. 
Some  are  available  in  a  so-called  Seya  mount 
in  which  wavelength  changes  are  made 
simply  by  rotating  the  grating  around  its 
own  axis;  others  have  an  automatic  wave- 
length drive.  Research  instruments  have 
been  made  using  prisms  as  well  as  gratings 
in  focal  lengths  up  to  6.8  meters. 

Despite  the  variety  of  instruments,  much 
more  work  would  be  eagerly  tackled  if  instru- 
mentation were  still  more  advanced.  Out- 
lined below  are  some  of  the  problems  which 
remain  to  be  solved. 

The  Source.  In  absorption,  the  ideal 
source  is  a  continuum  of  uniform  intensity 
with  wavelength  in  the  region  of  interest. 
For  the  vacuum  ultraviolet,  no  such  con- 
stant source  has  yet  been  discovered.  (The 
Lyman  source  leaves  much  to  be  desired.) 
Is  it  possible  by  employing  the  correct  elec- 
trodes, the  correct  excitation  and  the  correct 
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(Courtesy  JarreU-Ash  Co.) 

FIG.  6.  Large  research  spectrograph  for  use  in  the  vacuum  ultraviolet  region.  The  instrument  em- 
ploys a  grating  with  a  focal  length  of  6.8  meters. 


(Courtesy  Spex  Industries,  Inc.) 

FIG.  7.  Optical  layout  of  instrument  designed  for  use  in  grazing  incidence  region  (below  1000A)  as 
well  as  region  between  1000-2000A.  For  the  latter,  a  so-called  Seya-Namioka  mount  is  used  in  which, 
with  the  entrance  slit  kept  at  a  fixed  position  (70°  15'  with  the  grating),  wavelength  changes  are  simply 
made  by  rotating  the  grating. 


atmosphere  to  devise  such  a  source?  If  not, 
is  it  practical  to  combine  several  sources  so 
that  each  will  cover  a  particular  region  with 
a  short  overlap  into  the  next?  It  goes  with- 
out saying  that  the  source  or  sources  must 
be  long-lived  and  foolproof,  steady,  without 
hazard  and  inexpensive. 

Background.  One  of  the  severe  optical 
problems  in  the  vacuum  ultraviolet  is  scat- 
tered light.  We  who  are  used  to  seeing 
crisp  black  lines  on  an  otherwise  clean  plate 
are  disappointed  when  we  see  our  first  grey- 
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on-grey  far  ultraviolet  spectrum.  The  back- 
ground results  from  scattered  light  reflected 
from  blackened  surfaces  and  the  grating  it- 
self. Actually,  the  main  trouble  probably  lies 
in  the  fact  that  aluminum  (or  sometimes 
platinum),  used  to  coat  the  grating,  reflects 
not  much  better  than  the  baffles  mounted  in 
a  vacuum  spectrograph  to  prevent  spurious 
reflections.  Although  aluminum  is  the  best 
over-all  reflector  known,  its  reflectance  drops 
from  about  80  %  at  2000A  to  25  %  at  1200A. 
Needed  is  a  coating  which  may  be  applied  to 
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gratings  and  mirrors  to  make  them  highly 
reflecting  in  the  far  ultraviolet. 

Conveniences.  Included  in  this  category 
are  all  the  vacuum  controls,  switches,  gauges, 
safety  devices,  valves  and  bleeds  which  are 
presently  necessary  to  understand  and  cope 
with  in  order  to  obtain  vacuum  spectra.  Any 
contribution  which  reduces  the  complexity 
of  the  controls  or  eases  the  mind  of  the  oper- 
ator will  greatly  advance  the  art  of  vacuum 
spectroscopy.  The  operator  must  now  be 
constantly  on  the  alert  lest  a  failure  occur  in 
the  safety  device  protecting  another  safety 
device  which,  in  turn,  monitors  the  water 
flow  to  the  diffusion  pump. 

Electronics.  The  improvements  in  related 
instruments  are  gradually  overflowing  into 
vacuum  spectrographic  instrumentation. 
Witness  the  Quantovac  and  the  CPS  Evaiu- 
ator  which  use  similar  circuitry  to  that  in 
other  direct  reading  spectrographs  made  by 
ARL  and  Hilger. 


There  is  no  doubt  that  the  far  ultraviolet 
spectrum  conceals  a  wealth  of  applications 
to  be  ferreted  out  some  day.  Rather  than 
the  occurrence  of  a  breakthrough  in  tech- 
nology, what  is  happening  is  that  advances 
are  being  made  slowly.  Taken  advantage  of 
individually  and  compounded,  they  are 
gradually  opening  up  this  region  to  analyti- 
cal techniques  which  would  be  otherwise  im- 
possible or  impractical. 
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X-RAY  AND  GAMMA-RAY  ABSORPTION  PHOTOMETRY 
(ABSORPTIOMETRY) 


BASIC  PRINCIPLES,  INSTRUMENTATION  AND 
APPLICATIONS* 

Introduction 

Today,  65  years  after  his  momentous  dis- 
covery of  x-rays,  it  is  easy  to  forget  that 
Wilhelm  Conrad  R6ntgen  made  the  first  ob- 
servations on  penetration  and  absorption  of 
these  rays  and  immediately  instituted  the 
first  practical  applications,  which  today  are 
so  well  established  in  medical  diagnosis, 
industrial  radiography,  microradiography, 
photometric  analysis,  gauging,  absorption 

*  Similar  to  a  chapter  by  the  same  author  in  the 
revised  edition  of  Vol.  1  of  "Physical  Methods  of 
Analysis,"  edited  by  W.  G.  BBBL,  Academic  Press, 
N.  Y.,  1960. 


spectroscopy,  photochemical  reactions,  bi- 
ological effects,  and  medical  therapy.  For  all 
but  the  last  three,  direct  observations  of 
differential  absorption  is  involved;  for  the 
last  three  it  is  clear  that  absorption  of  rays 
must  precede  chemical  and  biological 
changes.  Rontgen  and  his  contemporaries 
had  only  the  measurements  of  absorption 
for  evaluation  of  quality  (or  wavelength  dis- 
tribution) until  the  discovery  in  1912  of  dif- 
fraction by  crystals.  With  this  discovery  ab- 
sorption phenomena  as  such  were  eclipsed 
and  in  part  nearly  forgotten,  while  "shad- 
owgraphs" of  bones  and  tissues  were  taken 
more  or  less  for  granted.  Within  the  past  few 
years  with  the  advent  of  such  useful  instru- 
ments as  r-meters,  phosphors,  electron  mul- 
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tiplier  tubes,  Geiger,  proportional  and  scin- 
tillation counters,  etc.,  there  has  been  a  re- 
awakening to  the  practical  usefulness  in 
many  directions  of  observing  absorption  of 
x-  and  7-ray  beams  in  all  types  of  materials. 
The  ease  and  speed  with  which  measure- 
ments can  be  made  in  comparison  with  other 
techniques  has  brought  to  the  fore  the  ana- 
lytical possibilities  of  absorptiometry  or  ab- 
sorption photometry  in  academic  and  indus- 
trial laboratories.  New  automatic  apparatus 
is  on  the  market  and  many  new  applications 
are  being  found.16*  «•  *7 

The  Laws  of  Absorption 

The  absorption  of  x-  and  7-rays  follows 
the  exponential  equation 

I,  -  fa-"*  (i) 
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where  Ix  is  the  intensity  of  radiation  of  ini- 
tial intensity  70,  after  passage  through  x 
centimeters  of  homogeneous  matter,  e  is  the 
natural  base  of  logarithms,  and  /*  is  the 
linear  absorption  coefficient.  If  the  beam  of 
radiation  has  a  cross  section  of  1  cm2  then 
fjL  represents  the  fraction  of  energy  absorbed 
per  cubic  centimeter  of  the  absorber  trav- 
ersed. Because  of  a  more  frequent  interest  in 
absorption  per  gram  instead  of  per  cubic 
centimeter  a  more  useful  form  of  eq.  (1)  is 


-  exp  l- 
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where  p  is  the  density  of  the  absorbing  layer 
and  M/P  is  the  mass  absorption  coefficient, 
which  is  a  simple  function  of  atomic  num- 
ber and  independent  of  physical  state  and 
temperature.  The  value  of  M/P  for  a  chemical 
compound  is  an  additive  function  of  the 
mass  absorption  coefficients  of  the  constitu- 
ent elements.  Thus,  in  an  example  cited  by 
Sproull,66  x-rays  passing  from  the  ceiling  to 
the  floor  of  a  room  containing  hydrogen  and 

704 


oxygen  may  be  90%  absorbed  through  the 
total  height  of  gas,  and  on  the  floor  there  is 
10%  of  the  initial  intensity.  A  spark  is 
passed  so  as  to  cause  combination  to  steam, 
without  any  change  in  absorption.  When  the 
steam  is  condensed  to  water,  x-rays  reach- 
ing the  floor  through  the  water  or  ice  will 
also  have  10%  of  initial  intensity.  For  a 
given  element  /*/p  increases  with  an  increase 
in  wavelength  of  the  radiation  absorbed,  dis- 
continuities appearing  at  the  characteristic 
K,  L,  M,  N,  etc.  absorption  wavelengths 
(see  "X-Ray  Characteristic  Absorption 
Spectrometry,"  p.  721).  The  M/P  values  for 
many  of  the  most  important  elements  over 
a  range  of  wavelengths  are  tabulated  in  the 
familiar  handbooks  of  chemistry  and  physics. 
The  mechanism  of  the  absorption  process 
is  shown  by  the  fact  that 

JA/P  -  r/p  +  <r/p  (4) 

where  r/p  is  the  true  or  fluorescent  mass 
coefficient  and  cr/p  is  the  coefficient  due  to 
scattering;  /i/p  is  also  a  function  of  atomic 
number  and  of  wavelength  as  shown  by  the 
equation 

H/P  -  (CZW)  N/A  (5) 

where  C  is  a  constant  over  a  range  between 
characteristic  absorption  edges,  Z  the  atomic 
number,  X  the  wavelength,  N  Avogadro's 
number,  and  A  the  atomic  weight. 

The  laws  of  absorption  apply  to  single 
wavelengths  (or  monochromatic  beams)  even 
though  x-ray  tubes  generate  a  whole  spectrum 
of  rays.  However,  each  such  polychro- 
matic beam  has  an  "effective"  wave- 
length, that  is,  the  wavelength  of  a  mono- 
chromatic beam  absorbed  to  the  same  extent. 
X-ray  absorptiometry  is  classified  into  two 
techniques,  depending  upon  whether  mono- 
chromatic or  polychromatic  beams  are  used. 

Thickness  Gauging 

The  exponential  law  indicates  that  ab- 
sorption of  a  given  x-ray  beam  of  given  in- 
tensity must  vary  with  z,  the  thickness  of 
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the  homogeneous  material.  This  suggests  the 
simplest  application  of  an  absorption  tech- 
nique, namely,  the  evaluation  of  gauge  and 
its  constancy.  Many  materials  occur  in  such 
shapes  that  micrometer  thickness  measure- 
ments are  difficult  or  impossible.  With  an 
x-  or  y-ray  beam  such  determinations  can 
be  made  without  in  any  way  touching  the 
sample.  It  is  necessary  only  to  measure  the 
diminution  in  initial  intensity  Jo  in  passage 
through  a  layer.  This  may  be  done  with  a 
fluoroscopic  screen  or  a  photographic  film, 
although  only  roughly  since  under  the  best 
conditions  a  difference  in  thickness  of  about 
2%  is  required  for  visual  differentiation  of 
the  blackening  of  the  photographic  emulsion. 
Still  better  is  an  ionization  chamber  or  r-me- 
ter  or  Geiger  counter,  which  can  be  made 
extremely  sensitive  so  that  a  difference  of 
the  order  of  0.1  %  is  detectable.  The  logical 
practical  equipment  is  a  combination  of 
phosphor  and  an  electron-multiplier  photo- 
electric tube  first  used  for  intensity  measure- 
ment in  1942  by  Morgan,61  for  preliminary 
chemical  analysis  by  Liebhafsky  and  Win- 
slow48  in  1945,  and  for  rapid  examination  of 
fuses  by  Smith56  in  1945.  Operation  with 
amplifiers  and  automatic  continuous  opera- 
tion have  followed. 

During  the  war  it  became  necessary  to  roll 
thin  metal  sheets  of  constant  gauge,  free 
from  defects,  for  various  types  of  precision 
equipment.  At  a  constant  voltage  and  cur- 
rent, x-rays  could  be  passed  through  the 
sheet  traveling  at  800  feet  per  minute  on  the 
rolling  mill.  The  unabsorbed  radiation  passes 
into  an  electron  multiplier  tube,  the  current 
in  which  is  amplified  to  be  read  on  an  am- 
meter or  otherwise  arranged  to  signal  when 
there  is  variation  in  gauge  of  the  sheet.  Vari- 
ations in  primary  x-ray  intensity  are  com- 
pensated by  a  null  method  since  a  beam  from 
the  opposite  side  of  the  target  passes  through 
a  stationary  sample  of  standard  required 
gauge  and  then  into  another  multiplier  tube 
and  the  circuit  linked  with  that  registering 
absorption  in  the  moving  sheet.  Deviations 


from  balance  activate  a  Servo-mechanism 
which  automatically  readjusts  the  mill  rolls 
more  or  less  tightly.14  This  technique  of 
gauging  is  now  .established  practice  for  a 
wide  variety  of  rolled  metal  sheets.  Con- 
tinuous testing  of  deviations  from  concen- 
tricity of  wire  cores  in  insulation  of  high 
tension  cables  is  now  established  practice. 

Thin  Coating  Measurement 

A  very  important  measurement  fre- 
quently required  is  that  of  the  thickness  of 
electroplated  layers  and  coatings  of  all  kinds. 
The  methods  depending  upon  capacitative 
or  magnetic  properties,  or  optical  observa- 
tions of  reflectivity  are  often  inadequate  and 
difficult.  Evaluation  by  x-ray  absorption 
measurements  has  been  found  highly  satis- 
factory in  rapidity  and  simplicity.  Several 
alternative  techniques  have  been  devised. 

In  the  most  sensitive  and  widely  used 
techniques  developed  by  Friedman  and 
Birks29  for  measuring  the  thickness  of  single 
or  multiple  electroplated  metal  films,  evap- 
orated electrode  coatings  on  piezoelectric 
crystals  and  thin  pigment  layers  in  the  range 
from  10"6  to  lO"2  cm,  the  x-ray  source  and 
detector  are  both  situated  on  the  same  side 
of  the  coating.  The  x-rays  pass  through  the 
coating  and  are  reflected  from  the  crystalline 
substrate  at  the  proper  Bragg  angle  from 
one  of  the  principal  sets  of  planes  back  to  the 
detector,  their  intensity  being  reduced  by 
absorption  due  to  the  double  transmission 
through  the  coating.  The  commercially 
available  focusing  Geiger-counter  powder 
diffractometers  are  used  directly  for  this 
purpose.  If  t  is  the  coating  thickness,  6  is  the 
angle  of  incidence  of  the  x-ray  beam  on  crys- 
tal planes  hkl  in  the  substrate,  and  j*  is  the 
linear  absorption  coefficient  (/*/P)P  the  ratio 
of  the  diffracted  intensity  from  the  coated 
specimen,  /r  to  the  intensity  from  the  un- 
coated  base  material  is: 


7  -  exp  [-2/i(*  sin  0)] 
/o 


(6) 
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Another  important  technique  for  measur- 
ing coating  thickness  depends  upon  excita- 
tion by  primary  x-rays  of  the  characteristic 
fluorescent  radiation  of  the  substrate  (see 
"X-Ray  Emission  Spectrometry,"  p.  726) 
and  measurement  of  the  attenuation  in  in- 
tensity in  passing  through  the  overlying  coat- 
ing. This  method  is  satisfactory  for  deter- 
mining the  thickness  over  a  range  of  1  to  20  ju 
zinc  on  iron  and  steel  with  primary  copper 
radiation.  The  substrate  metal  must  have  a 
lower  atomic  number  than  that  of  the  coat- 
ing in  order  to  avoid  interference  from  char- 
acteristic rays  from  the  coating.  It  has  been 
successfully  used  by  Beeghly6  on  tinplate;  by 
Pellissier  and  Wicker53  in  the  United  States 
Steel  Company  laboratories;  and  by  Zemany 
and  Liebhafsky65  in  the  General  Electric 
Company  laboratories  on  attenuation  by  iron 
foil  of  characteristic  lines  from  silver  or  zir- 
conium substrates.  Other  methods  which 
have  had  limited  application  are:  (1)  meas- 
urements of  intensity  ratios  of  two  diffrac- 
tion lines  of  the  substrate  with  the  x-ray 
primary  beam  perpendicular  to  the  speci- 
men, the  values  being  dependent  on  pre- 
ferred orientation  and  strain  in  the  specimen; 
(2)  measurement  of  intensity  ratios  by 
Gray82  and  by  Eisenstein22  of  pairs  of  dif- 
fraction interferences  from  substrate  and 
coating  (a  routine  method  for  layers  of  SrO 
on  BaO  oxide  cathodes),  also  subject  to  error 
from  textural  variations;  (3)  measurement  of 
the  absorption  factor  of  the  beam  from  an 
irradiated  sample  in  aluminum  foil,  by  which 
Gerold81  determined  the  thickness  of  a  very 
thin  chromium  layer  on  brass  with  an  inter- 
mediate nickel  electrodeposited  layer;  (4) 
the  method  of  Koh  and  Caugherty89  for  es- 
timating the  thickness  of  very  thin  coatings 
from  the  intensity  of  a  characteristic  line 
of  the  coating  itself. 

Porosity  and  Density  Determinations 

X-ray  gauge  methods  are  particularly  use- 
ful on  compressible  materials  such  as  leather, 
cellophane,  cloth  textiles,  rubber  blankets, 
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plastic  films,  paper,  etc.  It  follows  that 
porosity,  as  well  as  gauge,  can  be  accurately 
determined,  for  x-rays  measure  only  the  true 
thickness  of  solid  matter  through  which  they 
pass  without  reference  to  free  spaces  and 
pores  whereas  only  the  apparent  thickness  is 
measurable  by  mechanical  means  such  as 
micrometers.  The  porosity  of  the  negative 
metallic  lead  plates  in  storage  batteries  as  a 
function  of  temperature  of  formation  and 
charging  down  to  very  low  temperatures  is 
an  important  factor,  the  capacity  of  the 
plates  being  determined  by  the  penetration 
of  sulfuric  acid  into  the  interior  of  the  active 
mass.  No  possible  mechanical  measurement 
of  the  spongy  mass  could  be  made;  but  ab- 
sorption of  x-rays  through  sections  of  the 
plate  of  the  same  area  and  same  mass  of  ac- 
tive material  give  the  variations  in  thickness 
and  porosity,  the  latter  decreasing  non-line- 
arly  with  temperature  and  also  with  capacity 
of  the  plate. 

A  highly  quantitative  measurement  of 
porosity  of  rubber-composition  storage-bat- 
tery separators  has  been  made  by  Clark  and 
Liu.18  This  property  is  highly  critical  since 
sulfuric  acid  must  diffuse  through  these 
separators  which  must  insulate  adjacent 
negative  and  positive  plates  from  each  other 
and  prevent  formation  of  lead  trees.  The 
average  value  (55  %  porosity)  compares  very 
closely  with  the  value  derived  from  laborious 
pycnometric  measurements,  which  cannot 
provide  for  closed  pores  unless  the  sample  is 
powdered. 

Recently  x-ray  absorption  has  been  used 
in  petroleum  geology  exploration  to  deter- 
mine the  porosity  of  sandstones,  the  oil 
saturation  of  drilling  cores10  and  related  prob- 
lems. Grohse88  has  found  absorptiometry 
with  polychromatic  beams  to  be  a  unique 
method  for  studying  the  "fluidization"  of  a 
finely  divided  solid  by  a  gas,  as  in  beds  of 
silicon  fluidized  by  air.  Bed  density  profiles 
which  reveal  the  character  and  effectiveness 
of  fluidization  can  be  readily  determined 
without  disturbing  the  bed  with  internal 
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probes.  Detonation  waves,88  boundary  lay- 
ers61 and  density  in  supersonic  flow,  well 
suited  for  nozzle  calibration62  are  other  ap- 
plications of  x-ray  absorption. 

Chemical  Analysis  From  Absorptiom- 
etry 

It  is  at  once  apparent  that  rapid  chemical 
analysis  can  be  made  to  depend  upon  differ- 
ences in  absorption  of  x-rays,  for  the  concen- 
tration of  one  chemical  element  in  the  pres- 
ence of  others  determines  the  difference  in 
absorption  between  a  sample  and  a  reference. 
In  1929  Aborn  and  Brown1  used  x-ray  ap- 
paratus with  an  ionization  chamber  to 
analyze  gasoline  for  lead  tetraethyl  content, 
utilizing  the  large  difference  in  mass  absorp- 
tion coefficients  of  carbon  and  hydrogen  in 
gasoline  and  the  lead.  It  was  possible  to 
achieve  an  accuracy  of  one  part  in  14,000. 

In  1946  Sullivan  and  Friedman87  success- 
fully utilized  a  Geiger  counter  for  x-ray  ab- 
sorption measurements  for  this  same  anal- 
ysis of  lead  tetraethyl  in  gasoline.  As  shown 
in  eq.  (5)  the  mass  absorption  coefficient  in- 
creases as  the  cube  of  the  wavelength.  In  a 
single-component  system  it  is  logical  to  em- 
ploy the  longest  wavelength  transmitted  by 
the  sample,  thus  obtaining  a  maximum 
change  in  intensity  for  a  given  change  in 
sample  thickness.  However,  leaded  gasoline 
is  a  two-component  system  in  which  the 
M/P  values  change  at  different  rates  as  the 
wavelength  is  varied.  Hence  an  optimum 
wavelength  generated  at  17  kv  is  used  with 
an  absorption  cell  length  of  15-25  cm.  A 
counter  tube  filled  with  krypton  is  designed 
such  that  80  %  of  the  x-ray  beam  so  gener- 
ated is  absorbed;  or  80  out  of  100  quanta 
entering  the  counter  produce  counts.  At 
comparable  sensitivity  of  the  photomultiplier 
tube,  the  counter  registered  over  1000  counts 
per  second.  Standard  deviation  was  0.05  ml 
of  lead  tetraethyl  per  gallon  of  gasoline,  or 
1%.  Similarly  a  precision  of  1%  was  ob- 
tained with  samples  containing  a  maximum 
of  0.46  ml  per  gallon,  corresponding  to  the 


detection  of  0.005  ml  lead  tetraethyl  per  gal- 
lon or  0.0002%  lead.  The  analysis  can  be 
made  in  one-tenth  the  time  of  any  far  less 
satisfactory  chemical  method. 

In  spite  of  the  success  of  this  analysis  and 
the  suggestion  of  many  others  applied  to 
mixtures  of  gases,  liquids,  and  solids  no 
suitable  equipment  was  placed  on  the  market 
until  late  in  1946.  The  General  Electric  X-Kay 
Photometer  among  others  is  now  in  routine 
and  research  use  for  a  wide  variety  of  ana- 
lytical problems.54 

The  general  arrangement  is  illustrated  in 
Fig.  1.  A  tungsten  target  x-ray  tube  with 
beryllium  window  is  operated  at  15  to  45  kv. 
and  1  to  20  milliamps.  with  an  enclosed 
power  unit.  Above  the  x-ray  unit  is  a  syn- 
chronous motor-driven  chopper  which  alter- 
nately interrupts  one-half  of  the  x-ray  beam 
after  the  other.  A  variable-thickness  alumi- 
num attenuator  is  placed  above  the  chopper 
in  one  beam.  Duplicate  sample  tubes  are 
placed  in  the  two  beams  above  the  attenu- 
ator. Sample  cells  up  to  25  inches  long  can  be 
accommodated;  those  for  liquids  and  gases 
are  arranged  for  continuous  flow  of  the  sam- 
ple. Both  halves  of  the  beam  fall  on  a  com- 
mon fluorescent  screen  protected  from  visible 
light  by  a  thin  metallic  filter.  An  electron- 
multiplier  phototube  with  associated  power 
supply  and  amplifier  determines  when  the 
beams  are  of  equal  intensity. 

In  operation  a  reference  sample  is  placed 
in  the  cell  above  the  attenuator  and  the  un- 
known in  the  other  sample  tube.  The  attenu- 
ator is  adjusted  until  the  balance  indicator 
shows  that  the  two  beams  are  of  equal  in- 
tensity; this  position  indicates  a  certain 
thickness  of  aluminum,  which  is  equal  in 
absorption  to  the  difference  between  the  ref- 
erence sample  and  the  unknown.  Prior  cali- 
bration enables  aix  immediate  determination 
in  terms  of  the  amount  of  impurity  or  solute 
in  the  unknown.  The  instrument  may  operate 
automatically  to  indicate  or  record  this  re- 
sult directly.  The  exploratory  work  leading 
to  the  development  of  this  successful  com- 
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FIG.  1.  Typical  x-ray  absorption  photometer  (absorptiometer) . 


mercial  equipment  was  done  by  Liebhaf  sky 
and  associates46'68  for  solids,  liquids,  and 
gases  under  simplest  conditions.  The  relation 
between  x-ray  absorption  and  two  masses 
(mi  andm2)  of  sample  is: 


mined  for  various  thicknesses  in  order  to 
determine  M/P  *&  turn. 

The  analysis  of  gases  is  particularly  inter- 
esting and  significant.  The  equation  used  is 

2.303  log  to/*  ••  M«pJ  (10) 


log 


00 


where  /o  and  J2  are  intensities  of  x-ray  beams 
transmitted,  ii  and  i2  are  corresponding  aver- 
age output  currents  (from  the  phototube) 
and  fc  is  a  proportionality  factor.  With  a 
monochromatic  beam 


log  lo/T  «•  log  f  o/t  «»  km 


(8) 


where  J0  and  H  refer  to  the  empty  cell.  With 
the  commonly  used  polychromatic  beam 
from  a  tungsten  target  tube,  k  varies  in- 
versely with  m.  It  is  defined  by 


2.303afc 


(9) 


where  a  is  the  cross-sectional  area  of  a  cell 
containing  m  grams  of  sample;  as  already 
indicated  M/P  varies  with  Xs,  and  the  value 
of  Xeffeothre  changes  by  absorption  of  the 
longer  wavelengths.  For  quantitative  anal- 
ysis the  effective  wavelength  must  be  deter- 
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where  /*,»  is  the  mass  absorption  coefficient, 
p  is  the  gas  density,  and  I  is  the  cell  length  in 
centimeters.  Long  wavelengths  make  possible 
a  ratio  of  6000  to  1  between  output  for  hydro- 
gen and  chlorine. 

The  following  examples  of  actual  analyses 
for  which  the  absorption  photometer  is  em- 
ployed are  typical  of  an  almost  endless  list  of 
possibilities. 

(1)  Characterization  of  plastics  (for  use  in 
cell  windows,  all  lying  between  beryllium 
and  aluminum).48 

(2)  Sulfur  content  of  crude  and  refined  oil. 
A  quantitative  study  leading  to  routine 
commercial  analyses  is  that  of  Levine  and 
Okamoto.44  The  equation 

In  (/CHS/ZOH  ™  (MB'  —  MC^PCHS-^S  » 

where  I  is  the  intensity  of  the  x-ray  beam 
after  passing,  respectively,  through  the  S- 
containing  petroleum  hydrocarbon  (CHS) 
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and  a  pure  hydrocarbon  (CH,  represented  by 
calibrated  polystyrene  rods),  /*'  is  the  mass- 
absorption  coefficient  (for  S  and  CH),  pCHs  is 
the  petroleum  density,  X  is  the  length  of  the 
absorber,  and  Fa  is  the  mass  fraction  of  S  in 
the  C — H  base  (to  be  determined).  Accuracy 
of  analysis  is  ±0.02  per  cent  S;  one  operator 
can  analyze  30  samples  per  day,  much  faster 
and  more  economically  than  by  chemical 
means  and  with  comparable  accuracy,  to- 
gether with  nondestruction  of  samples. 

A  number  of  other  absorption  measure- 
ments of  sulfur  have  been  reported.21'  *• 52 
Of  particular  interest  is  the  K-capture  deter- 
mination of  sulfur  in  hydrocarbons  by  the 
absorption  of  rays  from  iron-55.  In  this  iso- 
tope (half-life  2.94  years),  one  of  the  two 
S-electrons  in  the  K-shell  is  captured  by  the 
nucleus,  thereby  transmuting  the  atom  into 
the  next  lower  atom  in  the  periodic  table,  in 
this  case  manganese-55.  In  the  process  of 
filling  the  K-vacancy,  the  K«  and  K$  rays 
with  a  weighted  wavelength  of  2.07  A  are 
generated.  Sulfur  in  the  range  0.05  to  2.7  % 
is  easily  and  quickly  determined  by  this  es- 
sentially monochromatic  absorptiometry, 
and  is  in  routine  use  in  the  Socony-Vacuum 
Laboratories. 

Other  analyses  may  be  made  similarly  with 
this  isotope  or  Ni-59,  Eh-102  or  Cd-109 
which  are  engaged  in  K-capture.  Hughes  and 
WilczewsM86  have  compared  speed,  accuracy 
and  cost  for  sulfur  determinations  as  fol- 
lows: 


Speed 

ReLCost 

Method 

A 

•£ 

h 

Elapsed 

•2  3 

«'O 

Accuracy 

•§  « 

timehr. 

0 

Is 

*% 

3* 

|l 

Bomb  Sulfur 

24 

36 

13 

0.003-0.14 

5 

7.2 

Lamp  Sulfur 

3 

29 

16 

0.03 

1 

5.8 

X-ray  Absorp- 

0.12 

7 

48 

0.09 

20 

1.4 

tion  (old  K) 

K-capture 

0.08 

5 

60 

0.06 

6 

1.0 

(3)  Quantitative  "titration"  of  sulfhydryl 
(HS)    groups.    This   extremely   important 


analysis  is  carried  out  by  assessing  the 
amount  of  silver  which  can  react  with  HS 
groups  in  proteins. 

(4)  Tetraethyl  lead  content  of  gasoline. 
Since  the  appearance  of  the  photometer  other 
critical  investigations  have  been  made  of  the 
x-ray  absorption  method  of  analysis  for 
tetraethyl  lead  and  reported  in  a  symposium 
devoted  entirely  to  the  subject.  Calingaert, 
Lamb,  Miller,  and  Noakes18  improved  ac- 
curacy by  reducing  primary-voltage  fluctua- 
tion on  tie  x-ray  tube  to  d=0.10  and  further 
reduced  sensitivity  of  the  measurements  of 
such  fluctuations  by  a  factor  of  10  by  intro- 
ducing a  polystyrene  block  in  the  reference 
beam.  These  authors  found  the  method  sensi- 
tive to  0.01  ml  of  tetraethyl/gal  and  the 
precision  ±0.01  ml  for  known  gasoline-base 
stocks.  The  varying  percentage  of  sulfur  in 
gasoline  was  the  chief  obstacle  to  more  ac- 
curate determination.  Hughes  and  Hochge- 
sang84  found  further  advantage  in  using 
monochromatic  radiation  (preferably  tho- 
rium lines  near  a  lead  absorption  discon- 
tinuity, but  for  practical  routine  purpose  the 
molybdenum  K«  doublet).  The  tetraethyl- 
lead  fluid  actually  added  to  automotive  gaso- 
line consists  of  61.48%  PbEt4,  17.86% 
Cjajft^  ,  18.81  %  C2H2C12 ,  1.7  %  kerosene, 
and  0.124%  dye,  corresponding  to  4.8%  H, 
26.7%  C,  13.8%  Cl,  15.4%  Br,  and  39.4% 
Pb;  aviation  mixture  differs  only  in  having 
35.68%  ethylene  dibromide  and  no  di- 
chloride.  A  straight-line  working  curve  de- 
rived from  the  usual  mass  absorption  equa- 
tion with  Mo  Ka-radiation  is  obtained  by 
plotting  log  (P/Po)  or  log  (t/t<>)  against 
p(0.587  +  9.31/s)  +  0.0478C* ,  where  P  is 
the  radiant  power  of  the  x-ray  beam  of  initial 
power  Po  after  passing  through  the  sample 
in  an  8-ml  absorption  cell  (4J^  in  long)  or  t 
and  *o  are  the  corresponding  times  for  a  fixed 
Geiger  count  of  10,000,  p  is  the  density,  /» the 
weight  of  fraction  of  sulfur,  and  Ct  the  con- 
centration of  tetraethyl  lead  in  milliliters  per 
gallon.  When  the  sulfur  content  is  known, 
an  exact  correction  is  made;  otherwise  an 
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average  value  accepted  by  the  ASTM  of 
0.064  per  cent  gives  a  satisfactory  result. 

It  is  interesting  to  compare  accepted  meth- 
ods of  tetraethyl  lead  analysis.  The  saving  in 
personnel  time  of  the  x-ray  over  the  chemical 
method  pays  the  equipment  cost  every  6 
months  or  in  comparison  with  polarographic 
analyses  every  8  months.  Another  x-ray 
method  of  analysis,  by  utilization  of  the  in- 
tensity of  the  characteristic  fluorescence 
spectrum  for  determination  of  lead  and 
bromine,  has  been  widely  used  (see  "X-Ray 
Emission  Spectrometry,"  p.  726).  A  Geiger 
count  of  only  1  minute  at  the  peak  of  the  L« 
line  of  lead  gave  a  probable  error  of  ±0.06 
ml/gal  of  gasoline  and  for  the  Br  K*  line  of 
±0.16  ml/gal.  Chlorine,  sulfur,  and  other 
elements  have  negligible  effect.  Thus  accu- 
racy and  speed  are  comparable  with  those  of 
the  x-ray  absorption  technique. 

(5)  Control  of  constancy  of  metal  com- 
position of  metallo-organic  compounds.60 

(6)  Additives  in  heavy-duty  lubricating 
oils  (60). 

(7)  Ash  content  and  quality  of  coal. 

(8)  Heavy-metal  content  of  glass. 

(9)  Chlorine  or  fluorine  content  of  poly- 
mers and  plastics.  Here  values  of  /*/p  are 
H  =  0.435  (independent  of  wavelength), 
C  -  0.567,  Cl  =  12.0,  etc. 

(10)  Bromine  content  in  gaseous  bromi- 
nated  derivatives. 

(11)  Determination  of  formula  of  organic 
compound  (C,  H,  O).  Typical  results  are  as 
follows: 


WP 
(meas- 
ured) 

Xp 

(calcu- 
lated) 

Formula 
(experimental) 

Formula 
(true) 

Methyl 

0.869 

0.867 

CH»Oi.oiH 

CHtOH 

alcohol 

Acetone 

0.734 

0.728 

(CH,)±COx.o 

(CH,)2CO 

Sucrose 

0.869 

0.884 

CitHsjOio.s 

CuHjiOii 

At  the  Armour  Research.  Foundation,  an 
excellent  method  has  been  devised  for  deter- 
mining the  percent  composition  of  com- 
pounds composed  of  light  elements,4  involv- 
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ing  determination  of  absorption  by  the 
unknown  of  monochromatic  x-rays,  excited 
by  fluorescence,  at  several  different  wave- 
lengths, and  the  subsequent  solution  of  a 
series  of  simultaneous  linear  equations.  For  a 
compound  composed  solely  of  carbon,  hydro- 
gen and  oxygen  for  example  the  beam  attenu- 
ation is 


PH 


PO 


(H) 


where  M/P'S  are  the  mass  absorption  coeffi- 
cients, p's  the  element  densities  and  X  the 
sample  thickness.  At  three  different  wave- 
lengths the  absorption  coefficients  for  the 
three  elements  vary  independently  with 
wavelength.  These  equations  for  the  three 
wavelengths  are  independent  and  can  be 
solved  for  pH  ,  PO  and  pc  as  unknowns  if  ju's 
are  known  and  In  /i//o,  In  /2//o  and  In 
7*//2  are  experimentally  determined.  The 
characteristic  radiations  of  Se,  Rb  and  Zr 
were  used  in  the  analysis  of  solutions  of 
ethanal  and  water  with  excellent  agreement 
in  percentage  compositions  with  the  theoreti- 
cal values. 

(12)  Concentration  of  fillers  and  impreg- 
nants  in  wood,  paper,  cloth,  rubber,  carbon, 
etc.  Titus68  gives  in  comprehensive  detail  the 
quantitative  analyses  by  absorptiometry 
with  polychromatic  beams  of  treated  carbon 
brushes  used  in  aircraft,  this  being  the  point- 
by-point  exploration  used  for  many  mate- 
rials. The  treatment  consists  usually  of  im- 
pregnating the  brush  stock  with  a  solution 
of  a  salt  (PbCla  ,  CdCl2  ,  BaF2  ,  BaBr2)  to  an 
extent  that  will  leave  the  desired  amount  of 
chemical  in  the  brush  on  water  removal;  the 
purpose  of  the  treatment  is  to  reduce  or 
eliminate  excessive  wear  of  brushes  used  in 
motors  and  generators  operating  at  high  alti- 
tudes, by  taking  the  place  of  adsorbed  water 
vapor  which  ordinarily  lubricates  carbon 
brushes  at  sea  level.  In  adjuvant  type 
brushes  a  metal  such  as  cadmium  or  MoS2  is 
blended  with  carbon  before  pressing  and 
graphitization.  It  is  evident  that  there  are 
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several  types  of  carbon  blanks  which  must  be 
involved  in  making  standard  graphs,  as  well 
as  the  content  and  distribution  of  chemicals 
in  the  brushes.  Once  established  x-ray  ab- 
sorptiometry  becomes  a  rapid  nondestruc- 
tive production  control  method. 

(13)  Mineral  content  and  efficiency  of 
softening  of  water. 

(14)  Soil  composition   (qualitatively  on 
account  of  complexity). 

(15)  Adsorbed  contents  of  charcoals  and 
silica  gels. 

(16)  Concentration  of  reagent  solutions 
containing  metallic  ions.  The  latest  example 
is  the  determination  of  uranium  in  solution,5 
a  matter  of  the  greatest  importance  in  con- 
temporary atomic-energy  research.  In  the 
absence  of  contaminating  elements  the  pre- 
cision is  ±0.05  g/liter  between  limits  of  0.1 
to  10  g/liter.  The  presence  of  Na+  NEU+,  F~, 
and  other  light  ions  had  no  effect,  but  heavier 
ions  require  separations.  These  solutions  may 
also  be  analyzed  as  in  the  case  of  tetraethyl 
lead    by    fluorescence-spectrum     analysis, 
which  has  the  advantage  of  no  interference 
by    contaminating    elements.    In    various 
Atomic  Energy  Commission  reports  by  M.  C. 
Lambert  et  d.,  absorptiometry  has  been  ap- 
plied to  aqueous  solutions  of  35  compounds 
and  ions  of  25  elements  widely  distributed  in 
the  periodic  table.  These  extensive  and  pre- 
cise absorbance  data  greatly  facilitate  ab- 
sorptiometry with  polychromatic  beams. 

(17)  Alloy  analysis  especially  when  one 
alloying  element  is  appreciably  heavier  than 
the  base  metal.  For  such  an  alloy,  with  a 
high  atomic  number  element  H  and  a  low 
atomic  element  L,  with  weights  respectively 
ms  and  mL  g.  cmr2  and  mass  absorption  co- 
efficients fAff/ps  and  ML/PL  the  extinction  or 
attenuation  (log*  transmission)  E  of  a  mono- 
chromatic beam  is 
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The  influence  of  m  is  compared  with  the 
extinction  from  a  standard  made  from  H: 
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permits  calculation  of  the  amount  of  the 
heavy  element.27 

Histochemical  Analysis 

Absorption  spectroscopic  analysis  has 
been  perfected  to  the  stage  of  a  histochemi- 
cal  procedure,  permitting  the  elementary 
chemical  analysis  of  single  mammalian  cells. 
Absorption  of  monochromatic  x-radiation  is 
measured  by  ionization  chambers,  Geiger 
counters  or  photographically  followed  by 
microphotometry  ,  for  a  series  of  wavelengths 
(isolated  from  primary  or  secondary  fluores- 
cent characteristic  rays)  lying  on  each  side  of 
a  long  wave  absorption  edge  of  the  sought- 
f  or  element.  Thus  it  is  possible  to  determine 
phosphorus  and  calcium  in  a  lO/i-thick  mi- 
crotome section  of  a  bony  tissue  within  an 
area  of  10  X  10/t;  nitrogen  and  oxygen  within 
an  area  of  50-100jw2  of  a  section  2/*  thick.  The 
actual  weights  are  of  the  order  of  1Q-*  — 
10~12  g.  Since  such  small  localized  areas  may 
be  examined  the  analysis  may  be  directly 
correlated  with  the  cytologicaJ  picture.  For 
these  analyses  the  formula  used  is: 


In  fe//,) 


-  In  fo/JQ 


u  J 


where  X  is  the  amount  of  the  sought-f  or  ele- 
ment in  grams;  the  index  1  indicates  the 
short-wave  and  2  the  long-wave  side  of  the 
absorption  edge  for  the  element;  I  is  the  in- 
tensity of  incident  and  i  of  transmitted  rays; 
jui/p  and  M2/P  mass  absorption  coefficients  for 
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the  element  sought  at  wavelengths  Xi  and 
X2 ;  and  the  exponent  P  may  be  found  in  ta- 
bles.19 If  Xi  lies  very  near  \z ,  this  reduces  to 


z- 


R 


(17) 


where  Ei  =  -In  ii/I  and  E2  =  -In  i2//; 
7  =  area  of  analyzed  surface.  In  the  experi- 
ments for  the  determination  of  calcium  (ab- 
sorption edge  3.1  A),  the  monochromatic 
beams  had  to  be  taken  from  a  polychromatic 
beam  of  7  kv;  for  phosphorus  (absorption 
edge  5.8  A),  the  Lai  line  of  niobium  and  the 
If  i  line  of  zirconium;  for  nitrogen  the  K-ab- 
sorption  edge  of  31.1  A  requiring  high  vac- 
uum. 

Similarly  dry  weights  of  cytological  struc- 
tures are  determined  with  a  filtered  poly- 
chromatic beam  of  1,5  kv  peak,  or  8.3  A 
TYiiTiimiiTn  wavelength.  The  analysis  is  done 
by  a  comparative  method  with  a  carefully 
prepared  step  gauge  of  nitrocellulose  foils  as 
standard,   approximately  the  composition 
and  absorbing  power  of  proteins.  Since  the 
images  representing  differential  absorption 
are   photographically   registered,   enlarged 
and  photometered,  this  is  actually  a  quanti- 
tative application  of  microradiography.  The 
total  dry  weight  of  individual  ascites  tumor 
cells,  with  a  volume  less  than  4  X  lO"9  cc, 
is  found  to  be  3.95  =fc  0.20  X  1Q-10  gram, 
agreeing  with  results  of  microchemical  anal- 
yses of  samples  of  many  cells.  Mucus-  and 
enzyme-secreting  cells  have  a  greater  mass 
(0.1  X  10-12  g//i8)  than  acid-secreting.  Ex- 
tending these  techniques  Brattgard  and  Hy- 
denu  obtained  results  on  the  mass,  lipids 
(by  chloroform  extraction),  pentose  nucleo- 
proteins  (after  digestion  by  crystalline  ribo- 
nuclease),  and  residual  cell  proteins  for 
various  nerve  cells — Deiters'  cells  and  spinal 
ganglion  and  Purkinje  cells,  all  of  which  are 
distinctly  different  in  composition.  This  con- 
tribution to  medical  chemistry  opens  the 
way  for  many  others. 


Dichromography     (in    vivo     Chemical 

Analysis)85* 

Obviously  a  nondestructive  method  for 
quantitative  analysis  of  elements  inside  a 
living  person  would  be  of  great  value  for 
determining  the  function  of  organs  in  diag- 
nostic and  physiological  organs.  This  goal 
has  been  achieved  in  the  analysis  of  the  dis- 
tribution of  iodine  in  a  normal  human  thy- 
roid. To  the  first  approximation  the  human 
body  is  composed  of  soft  tissue,  bone  salt 
and  iodine  (in  the  thyroid  or  employed  as  a 
roentgenological  contrast  medium).  If  bone 
structures   are  avoided   two  x-ray  wave- 
lengths are  therefore  sufficient  for  an  in  vivo 
analysis  of  amount  of  iodine  and  soft  tissue 
in  a  body  section.  The  two  wavelengths  are 
chosen  on  each  side  of  the  K  absorption  edge 
of  iodine  at  0.37  A.  The  equipment  consists 
of  a  source  of  monochromatic  fluorescent 
x-rays,    two    servo-controlled    absorption 
wedges,  a  scintillator  photomultiplier  unit 
sensing  the  x-ray  intensity,  and  an  electronic 
feedback  trap  from  the  multiplier  to  two 
servo-motors.  One  wedge  is  composed  of  ma- 
terial equivalent  in  attenuating  power  for 
x-rays  to  soft  tissue  (water),  and  the  other  is 
iodine.  When  the  patient  is  placed  in  the 
beam  the  two  wedges  are  withdrawn  a  certain 
distance  corresponding  to  the  amount  of  soft 
tissue  and  iodine,  the  displacements  being 
quantitative  measures  of  amounts  of  each.  A 
scanning  process  leads  to  quantitative  dis- 
tribution over  a  whole  thyroid  gland.  The 
accuracy  is  better  than  ±0.2  mg  of  iodine 
per  cm2;  the  chief  error  is  due  to  the  presence 
of  fat,  1  gram  being  equivalent  to  0.5  mg 
iodine.  The  soft  tissue  wedge  is  an  additional 
protection  so  that  the  dose  to  the  patient  in 
a  thyroid  analysis  is  less  than  1  mr.  A  stere- 
ogram  of  iodine  distribution  in  a  normal 
thyroid  shows  a  peak  concentration  of  4  mg 
per  cm2  in  the  gland  isthmus,  and  a  total 
amount  of  23.5  mg.  The  test  for  thyroid 
function  is  entirely  different  from  that  em- 
ployed by  introduction  of  radioactive  iodine. 
The  method  is  also  useful  for  function  tests 


BASIC  PRINCIPLES,  INSTRUMENTATION  AND  APPLICATIONS 


of  liver,  kidneys  and  lungs  after  intravenous 
injection  of  contrast  substances  containing 
iodine  (for  diagnostic  radiography);  for  the 
amounts  of  blood  in  certain  parts  of  the 
body;  and  with  three  selected  wavelengths 
and  three  wedges  the  simultaneous  deter- 
mination of  bone  salt  (trichromography). 

7-Ray  Absorptiometry 

Since  7-rays  are  formed  in  nuclear  proc- 
esses which  generally  involve  high  energies, 
the  wavelengths  are  shorter  than  those  of 
x-rays  generated  by  conventional  means, 
and  the  mass  absorption  coefficients  are  ap- 
preciably smaller  than  those  encountered 
ordinarily  in  x-ray  absorptiometry.  Of  course 
x-rays  generated  by  resonance  transformers, 
van  de  Graaff  electrostatic  generator  and 
betatrons  with  energies  of  1  mev  or  above 
overlap  the  7-ray  range,  or  even  extend  be- 
yond it  at  H-l  kev.  Coefficients  for  7-rays 
vary  very  much  less  from  element  to  element 
in  comparison  with  x-rays  at  0.1  mev  (100 
kv)  or  less,  so  that  the  latter  have  the  ad- 
vantage in  absorptiometric  analyses.  Ac- 
tually the  absorption  characteristics  of  7- 
rays  (or  x-rays  in  the  same  energy  range)  are 
very  complex,  because  of  entrance  of  the 
process  of  pair  production.  The  net  result  is 
that  the  values  of  /*/p,  instead  of  linearly  de- 
creasing with  increase  in  radiation  energy, 
level  off  to  a  nearly  constant  value,  depend- 
ing on  the  absorbing  material,  which  means 
that  absolute  sensitivity  is  obtained— that  is, 
thick  and  thin  sections  are  penetrated  nearly 
alike,  and  radiographs  are  correctly  exposed 
without  screening  thin  sections  to  prevent 
overexposure.  This  absorption  of  7-rays  has 
its  chief  usefulness  in  thickness  gauging  and 
in  radiography.  The  general  process  of  7-ray 
absorption  is  given  by  Bethe  and  Ashkin.9 

Extensive  data  on  7-ray  absorption  coeffi- 
cients are  available  because  of  the  vitally 
important  shielding  problems  in  an  atomic 
age.  A  large  number  of  papers  indicate  rapid 
progress  in  nondestructive  testing  such  as 
thickness  gauging  and  radiography  best  done 


by  isotopes  cobalt  60,  tantalum  182,  cesium 
137,  iridium  192  and  thulium  170.  Especially 
valuable  are  papers  by  Aebersold,2  Brewer,12 
Garrett  et  oZ.,80  Johnston  et  al.*6  and  Unter- 
myer,60  Berman  and  Harris7  attained  a  pre- 
cision of  0.01  %  in  thickness  measurements 
with  cobalt  60.  Leboeuf,  Miller  and  Con- 
nally41  make  a  notable  comparison  of  x-ray 
and  7-ray  absorptiometry  (including  a  mix- 
ture of  americium  and  plutonium  as  source). 
The  advantages  of  the  latter  are:  extreme 
stability  of  source  intensity;  decreased  in- 
strument complexity  and  compact  size;  more 
nearly  monoenergetic  source;  much  wider 
range  of  photon  energies  —20  to  2000  kev; 
lower  cost.  The  chief  disadvantage  is  low  in- 
tensity, so  that  up  to  50  kev  x-ray  absorp- 
tiometry prevails.  Bernhard  and  Chasek8  ap- 
plied 7-ray  absorptiometry  successfully  to 
the  measurement  of  soil  density,  as  an  indica- 
tion of  great  present  and  future  potential!- 
ties. 

Combined  Absorption  —  Diffraction 
Technique  for  Quantitative  Analy- 
ses 

In  1948  Alexander  and  Klug8  devised  a 
method  for  quantitative  analysis  of  mixture 
from  powder  diffraction  patterns  without  the 
use  of  internal  standards.  The  method  was 
further  developed  and  simplified  in  the 
Canadian  Occupational  Health  Laboratory 
by  Leroux,  Lennox  and  Kay.48  The  general 
theoretical  equation  is 


VcwJ  W/ 


(18) 


where  Xi  =  the  weight  fraction  of  compo- 
nent 1;  Ji  =  integrated  intensity  diffracted 
by  a  sample  with  mass  absorption  coefficient 
G*«/P«W;  (-fi)o  =  integrated  intensity  dif- 
fracted by  a  sample  with  mass  absorption 
coefficient  AH*  comprised  solely  of  component 
1.  This  equation  holds  for  a  monochromatic 
x-ray  beam  but  for  a  polychromatic  beam 
the  correct  experimental  expression  for  X, 
requires  a  correction  in  the  form  of  an  expo- 
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nent  of  0.652  for  the  ratios,  as  the  result  of  a 
very  critical  study  by  Lennox.42  This  tech- 
nique was  originally  developed  for  analysis 
of  industrial  dusts  for  quartz,  responsible  for 
silicosis,  but  it  is  also  in  routine  use  for  rou- 
tine analyses  in  such  industries  as  ceramics, 
refractories,  paint  and  cement. 

Radiography  and  Fluoroscopy 

It  is  scarcely  necessary  to  indicate  that 
medical  diagnostic  radiography  and  indus- 
trial radiography,  the  best  known  and  most 
widely  practiced  application  of  both  x-  and 
7-rays,  are  direct  consequences  of  differential 
absorption  of  rays  by  matter  of  varing  homo- 
geneity, thickness  and  density.  The  shadow- 
graphs are  observed  either  on  the  fluoroscopic 
screen  or  the  photographic  film.  So  many  ex- 
cellent treatises  are  available  that  a  review 
here  of  techniques  and  results  is  unnecessary. 
Here  the  progress  in  equipment  is  spectacu- 
lar, as  may  be  judged  from  the  following: 

(1)  X-ray  tubes  only  7  or  8  feet  long  to 
operate  at  1  and  2  million  volts. 

(2)  Resonance  transformers  with  Freon 
gas  insulation  so  efficient  that  with  the  tubes 
at  the  core,  the  entire  equipment  may  be  in- 
cluded in  mobile  units;  greatly  improved  and 
compact  van  de  Graaff  electrostatic  gener- 
ators for  operation  at  2,000,000  volts. 

(3)  The  betatron  or  electron  accelerator, 
developed  by  Kerst  at  the  University  of 
Illinois,  in  which  the  accelerating  "donut"  is 
also  the  x-ray  tube  producing  beams  up  to 
350,000,000  volts,  far  transcending  the  pene- 
trating power  or  minimum  wavelengths  of 
7-rays;  a  successful  Allis-Chalmers  20,000,- 
000-volt  unit  scarcely  larger  than  an  office 
desk,  for  radiography  of  sections  up  to  12 
inches  or  more;  automatic  and  multiple 
radiography  both  with  these  supervoltage 
units  and  with  7-rays  from  radioactive 
sources  for  36  or  more  specimens  tested  at 
one  time  by  arrangement  on  a  circle  around 
the  source.  In  such  a  case  supervoltage  x-rays 
have  very  largely  replaced  7-radiography  in 
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industry  because  of  the  several  hundredfold 
reduction  in  exposure  time. 

(4)  The  Westinghouse   surge   generator 
making  possible  radiographic  exposures  in  a 
millionth  of  a  second,  for  instantaneous 
photographs  of  moving  objects  such  as  bul- 
lets and  artillery  shells.  The  contribution  to 
the  science  of  ballistics  in  the  past  war  is  in- 
calculable. 

(5)  Monochromatic  Radiography.  The  limi- 
tations in  resolving  power,  or  in  the  radio- 
graphic   detection  of  extraordinarily    fine 
detail,  with  an  x-ray  beam  pf  many  wave- 
lengths is  apparent.  This  has  suggested  a  re- 
examination  of  the  possibilities  of  mono- 
chromatic rays  (isolated  by  a  crystal  or  less 
perfectly  by  appropriate  filters)  as  applied 
to  other  industrial  problems  and  to  medical 
diagnosis.  Many  examples  are  cited  in  a  re- 
cent paper.15 

(6)  Industrial  Fluwoscopy.  While  this  ap- 
plication so  far  is  secondary  to  medical  diag- 
nosis, it  is  growing  rapidly  since  electronic 
intensification  of  images  has  greatly  in- 
creased safety  for  the  operators  against  over- 
exposure — a  prohibitive  factor  in  earlier  at- 
tempts to  use  the  fluoroscope  for  rapid, 
continuous  inspection  of  products  ranging 
from  ball  bearings  and  contact  points  to 
grain  for  insect  infestation,  citrus  fruit,  and 
packaged  fruits  and  meats.  By  electronic 
devices  the  images  formed  by  very  weak 
beams  of  x-rays  are  intensified  on  screens  far 
removed  from  radiation  exposure,  and  now 
permit  automatic  control  of  filling  of  am- 
munition shells,  beverage  bottles  and  cans. 
Processes  of  mixing,  diffusion,  precipitation 
and  other  reactions  in  chemical  industries 
within  opaque  materials  and  vessels  may  be 
continuously  observed  and  controlled.  The 
viscosity  of  tooth  pastes  and  other  similar 
products  is  measured  by  fluoroscopic  obser- 
vation of  the  rate  of  fall  of  metal  balls.  Long 
hoped-for,  industrial  fluoroscopy  is  an  ac- 
complished fact  and  is  growing  rapidly  in 
1960  as  the  result  of  meeting  a  challenge  to 
a  successful  instrumentation. 
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Microradiography  and  X-Ray  Micros- 
copy (cf.  "Encyclopedia  of  Micros- 
copy") 

The  use  of  monochromatic  rays  becomes 
more  necessary  the  smaller  the  specimen. 
Since  there  are  no  lenses  for  magnification  of 
x-rays,  one  must  resort  to  photographic  en- 
largement up  to  300  or  400  diameters  of 
radiographic  images  on  very  fine-grained 
photographic  emulsion  such  as  the  Lipp- 
mann.  This  is  the  basis  of  microradiography, 
which  complements  ordinary  photomicrog- 
raphy but  is  the  representation  of  structure 
of  a  specimen  in  three  dimensions  rather 
than  merely  of  a  polished  surface.  Over  many 
years  attempts  were  made  to  perfect  a  micro- 
radiography  with  a  polychromatic  beam 
generated  at  very  low  voltages  such  as  4000- 
5000  volts.  A  new  very  compact  unit  for 
contact  microradiography  operating  at  1-5 
kv  is  produced  by  Philips  especially  for  bi- 
ological specimens  and  for  microanalysis  dis- 
cussed previously.  For  these  long  waves 
there  is  a  favorable  difference  in  absorption 
coefficients  for  various  elements  in  thin  speci- 
mens; but  here  again  the  polychromatic 
beam,  and  the  lack  of  penetration  even 
though  air  presents  difficulties.  In  1939  the 
writer  advocated  the  use  of  monochromatic 
beams  from  easily  available  x-ray  diffraction 
tubes  operated  at  30,000  volts  or  more.  The 
result  has  been  a  successful  development  of  a 
useful  science.  Here  the  idea  of  selecting  the 
proper  wavelength  for  maximum  differen- 
tiation of  constituents  arose. 

As  an  example,  the  values  of  #2  —  MI  >  the 
differences  of  two  linear  absorption  coeffi- 
cients for  constituents  of  a  binary  alloy  as  a 
function  of  wavelength,  can  be  plotted  as 
ordinate  against  wavelength.  Such  a  plot 
would  show  a  peak  representing  the  largest 
possible  difference  in  absorbing  power;  con- 
sequently the  proper  monochromatic  wave- 
length corresponds  to  this  peak  to  permit 
maximum  delineation  of  phases.  By  this 
method  some  of  the  most  important  alloys 
utilized  in  war  materials,  even  5-  and  6-com- 


ponent  systems,  have  been  successfully  ana- 
lyzed in  terms  of  phase  structures,  micro- 
defects  and  porosity,  and  strain.  Many 
illustrations  of  microradiography  and  other 
techniques  of  x-ray  microscopy  will  be  found 
in  the  companion  "Encyclopedia  of  Micros- 
copy." For  very  small  biological  specimens, 
tissues,  impregnated  wood,  and  other  organic 
materials  microradiography  has  been  a  logi- 
cal and  useful  extension  of  more  usual  macro 
or  1:1  radiography.  Thus  a  new  branch  of 
histology  depends  upon  the  absorption  of 
x-rays  in  various  areas  of  a  section  only  a  few 
thousandths  of  an  inch  thick.  These  sections 
also  may  be  preferentially  "stained,"  not 
with  the  dyes  of  microscopy,  but  with  vary- 
ing absorbents  for  x-rays. 

Some  tissues  are  particularly  well  adapted 
for  microradiography.  The  follicles  of  the 
thyroid  gland  contain  iodine  and  thus  are 
opaque  to  x-rays;  when  the  follicles  are 
treated  by  acid,  sodium  nitrite,  and  chloro- 
form to  remove  iodine,  they  become  trans- 
parent. Epidermis  shows  absorbing  layers, 
the  basal  layer  that  supplies  nutrition  to  up- 
per ones,  and  the  outer  densely  packed  kera- 
tinized  layer.  Sulfur  is  responsible  for  some 
opacity  of  intermediate  layers;  the  cells  show 
protoplasm  fairly  opaque,  lighter  nuclei  and 
very  dark  nucleoli.  The  variation  in  opacity 
of  cells  has  a  further  bearing  on  radiosensi- 
tivity,  since  the  greater  the  absorption  the 
greater  the  amount  of  energy  liberated  by 
roentgen  rays.  It  is  generally  true  that  the 
most  sensitive  cells  are  the  most  absorbent. 

Cancer  tissue  gives  excellent  microradio- 
graphic  detail,  such  as  keratosic  and  para- 
keratosic  globes  or  rose-shaped  cell  nests  in 
epidermal  cancer. 

Another  microradiographic  technique  de- 
veloped by  Trillat16  makes  use  of  the  photo- 
electrons  liberated  by  primary  roentgen  rays. 
Hard  roentgen  rays  generated  at  180  kv  pass 
through  the  lippmann  photographic  film, 
which  is  insensitive,  and  then  impinge  upon 
a  specimen  closely  pressed  against  the  film. 
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The  liberated  photoelectrons  from  the  sur- 
face interact  with  the  photographic  emulsion 
and  so  produce  a  characteristic  image,  which 
may  be  enlarged.  The  specimen  may  be  a 
photographic  negative  that  may  be  repro- 
duced exactly.  Under  these  conditions  the 
primary  and  the  secondary  fluorescent 
roentgen  rays  have  negligible  effects  in  com- 
parison with  the  photoelectrons.  In  addition 
to  this  reflection  technique,  a  transmission 
modification  consists  in  the  use  of  a  thin  lead 
foil  as  a  generator  of  photoelectrons.  The 
hard  roentgen  rays  first  pass  through  this 
foil,  which  is  in  contact  with  the  specimen 
and  this  in  turn  with  the  film.  Photoelectrons 
from  the  foil  pass  through  the  specimen  and 
register  the  radiographic  image  on  the  film, 
which  may  be  microradiographed  with  4000- 
volt  roentgen  rays  and  give  equally  good  dif- 
ferentiation with  180,000-volt  rays  that 
liberate  the  easily  absorbed  electrons. 

It  was  inevitable  that  attempts  should  be 
made  in  mieroradiography  and  historadiog- 
raphy  to  avoid  the  limitations  imposed  in 
enlargements  of  contact  images  of  graininess 
of  photographic  emulsions.  The  solution  of 
this  problem  has  taken  two  courses  with 
very  successful  results. 

(1)  Grainless  medium.  From  among 
various  x-ray-sensitive  substances  which  will 
show  no  structure  even  in  electron  micro- 
scope ranges  of  enlargement.  Ladd,  Hess  and 
Ladd40  found  that  faces  of  ammonium  di- 
chromate  crystals,  and  some  polymers  such 
as  polyvinyl  films  were  most  useful.  In  both 
cases  the  solubility  of  the  medium  changes 
in  proportion  to  the  amount  of  exposure  to 
the  x-ray  beam,  with  the  result  that  the 
microradiographic  image  can  be  etched  into 
relief  by  suitable  solvents.  Anhydrous  al- 
cohols are  used  for  developing  the  image  on 
the  dichromate  crystals,  and  a  30  %  solution 
of  acetone  in  water  the  image  on  the  plastic 
sheets,  in  which  cross-linking  between  poly- 
mer molecules  has  resulted  from  absorption. 
A  cast,  thin  enough  to  permit  the  passage  of 
an  electron  beam  is  then  made  of  the  relief 
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surface  with  silicon  monoxide,  carbon  or 
other  materials  generally  used  for  making 
replicas  for  electron  microscopy.  This  replica 
is  shadow-cast  with  metal  vapors  directed  at 
an  angle  to  the  surface  and  then  examined  in 
the  electron  microscope  up  to  200,000  diame- 
ters magnification. 

(2)  X-ray  microscopy.  In  ordinary  mi- 
croradk>graphy  sharp  images  can  be  gained 
only  by  intimate  contact  between  specimen 
and  film  because  the  x-ray  beam  has  a  finite 
size.  It  follows  that  if  the  x-rays  were  gener- 
ated from  a  point  source,  it  should  be  pos- 
sible to  place  the  photographic  film  at  vari- 
ous distances  from  the  specimen  and  thus 
obtain  sharp-edged  images  inherently  en- 
larged from  the  divergent  beam  through  the 
specimen.  Such  a  procedure  originally  de- 
veloped by  Cosslett  and  Nixon20  is  now  an 
accomplished  fact  and  the  General  Electric 
X-Ray  Shadow  Microscope  is  a  commer- 
cially produced  instrument.  Electrons  from 
a  filament  are  collimated  into  an  extremely 
fine  beam  by  means  of  magnetic  lenses  such 
as  make  electron  microscopy  possible.  This 
beam  impinges  upon  a  thin  piece  of  tungsten 
foil  in  the  envelope  of  this  special  tube,  and 
generates  an  x-ray  beam  from  this  point  focal 
spot.  After  transmission  through  the  thin 
specimen  the  enlarged  image  is  directly 
registered  on  photographic  films  at  distances 
up  to  several  feet.  The  success  of  this  mi- 
croscope especially  with  freeze-dried  bio- 
logical specimen  of  all  types  alloys,  clays  and 
minerals,  fabrics  and  other  materials  is  quite 
remarkable. 
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GEORGE  L.  CLARK 
K-CAPTURE  SPECTROSCOPY 

K-capture  spectroscopy  is  a  modification 
of  the  older  and  more  general  method  of 
analysis  by  x-ray  absorption  (q.v.).  A  radio- 
nuclide  which  emits  x-rays  by  the  K-capture 
process  is  used  as  a  source  in  place  of  the 
x-ray  tube  and  accessory  equipment  found 
in  the  more  conventional  procedures.  Ad- 
vantages in  cost  and  simplicity  of  equipment 
in  manipulation  and  in  homogeneity  of  radi- 
ation are  achieved.  Although  the  term  El- 
capture  spectroscopy  has  been  applied  only 
to  the  use  of  a  K-capture  source  for  x-ray 
absorption,  it  could  logically  be  used  for 
other  possible  spectroscopic  applications. 

K-capture  is  a  type  of  nuclear  reaction 
which  over  100  radionuclides  undergo.  One 
of  the  two  s-electrons  in  the  innermost  or 
K-shell  of  an  atom  is  pulled  out  of  its  orbit 
and  is  captured  by  the  nucleus.  This  changes 
a  proton  to  a  neutron  in  the  nucleus  and 
transmutes  the  atom  into  one  of  the  same 
mass  number  but  of  one  lower  atomic  num- 
ber. The  vacancy  in  the  K-shell  is  then  filled 
by  another  electron,  most  frequently  from 
the  L-shell  but  also  to  a  lesser  extent  from 
the  Mnshell,  and  the  excess  energy  is  emitted 
as  the  characteristic  Ka  and  K£  x-rays  of 
the  newly  formed  element.  Thus,  iron-65, 
which  was  the  first  radionuclide  to  be  used 
in  K-capture  spectroscopy,  forms  man- 
ganese-65  which  emits  x-rays  with  a  weighted 
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wavelength  of  2.07  A  for  the  Ka  and  KB 
lines. 

The  general  principles  of  x-ray  absorp- 
tion analysis  apply  also  to  K-capture  spec- 
troscopy and  will  not  be  discussed  in  this 
article  except  insofar  as  they  have  a  bearing 
on  the  use  of  K-capture  radionuclides  as 
sources  of  x-rays  for  x-ray  absorption 
analysis. 

To  be  most  useful  as  a  source,  a  radionu- 
clide should  preferably  emit  no  radiation, 
such  as  gamma  rays  or  beta  particles,  other 
than  the  essentially  monoenergetic  x-rays 
produced  by  K-capture.  However,  it  is 
possible  in  practice  to  use  a  source  emitting 
some  high-energy  gamma,  radiation,  since 
its  absorption  in  the  sample  could  be  small 
and  it  could,  additionally,  be  included  in  the 
background  correction.  Low-energy  beta 
particles  might  be  eliminated  by  absorption 
in  the  source.  A  useful  radionuclide  should 
also  have  a  reasonably  long  half-life;  it 
should  be  available  at  a  reasonable  price; 
and  it  should  lend  itself  to  the  preparation 
of  a  convenient  source. 

By  perusing  a  chart  of  nuclides,  it  is  pos- 
sible to  pick  out  some  three  dozen  radio- 
nuclides which  decay  with  little  or  no  emis- 
sion of  radiation  other  than  K-capture 
x-rays.  Many  more  emit  other  radiation  in 
addition  to  x-rays.  Of  pure  K-capture  nu- 
clides other  than  iron-55,  nickel-59  is  avail- 
able but  very  expensive,  and  the  others  are 
either  not  available  or  have  half -lives  which 
are  too  brief.  It  is  reasonable  to  expect  that 
others  may  be  made  available  if  there  should 
be  a  demand  for  them.  In  addition,  there 
are  some  available  K-capture  nuclides  which 
do  emit  additional  radiation  but  which 
might,  nevertheless,  be  useful  under  some 
circumstances.  These  include  vanadium-49, 
manganese-54,  zinc-65,  strontium-86,  cad- 
mium-109,  tungsten-181  and  gold-195. 

The  x-rays  emitted  by  an  element  are  ab- 
sorbed only  moderately  by  itself  and  by  the 
elements  located  closely  above  it  in  the 
periodic  table,  but  quite  strongly  by  those 
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located  somewhat  below  it.  This  is  illustrated 
by  Figure  I1  in  which  the  mass  absorption 
coefficients  of  some  elements  above  and 
below  manganese  in  atomic  number  are 
plotted.  The  absorption-edge  effect  is  il- 
lustrated in  this  figure.  The  absorption  rela- 
tionships can  be  used  as  a  guide  in  predicting 
the  usefulness  of  the  iron-55  source  for  the 
determination  of  a  particular  element  in  the 
presence  of  others.  It  should  be  possible,  for 
example,  to  determine  calcium  in  the  pres- 
ence of  manganese,  or  sulfur  or  chlorine  in 
the  presence  of  carbon,  hydrogen  and  oxy- 
gen. On  the  other  hand,  chlorine  could  not  be 
determined  in  the  presence  of  sulfur,  or  vice 
versa.  By  extending  the  curve  to  elements  of 
higher  atomic  numbers  other  possibilities 
will  appear. 

Known  pure  K-capture  radionuclides  emit 
x-rays  that  cover  a  range  of  wavelengths 
from  about  0.13A  to  4.7A.  For  any  particu- 
lar radionuclide  other  than  iron-55,  the 
absorption  edge  shown  in  Figure  1  would  be 
shifted  either  to  the  right  or  to  the  left.  By 


500r 


TABLE  1.  SOME  K-CAPTURE 


10         20         30 
Atomic  Number 

FIG.  1.  Mass  absorptivity  of  elements  for  iron- 
55  K-capture  x-ray.1 


Atomic 
Number 

Element 

K  Wavelength 

(A) 

Atomic  Numbers 
Strongly 
Absorbing 

23 

V 

2.75 

12-21 

25 

Mn 

2.29 

14-22 

26 

Fe 

2.10 

15-23 

28 

Ni 

1.79 

19-26 

30 

Zn 

1.54 

21-28 

suitable  choice  of  a  source  one  could  thus 
provide  for  the  determination  of  a  variety  of 
elements  in  many  compositions  of  matter. 

The  possibilities  may  be  increased  even 
more  by  using  two  sources  for  an  analysis. 
Table  I1  gives  a  list  of  five  K-capture  radio- 
nuclides (some  also  emit  gamma  rays)  with 
the  wavelengths  of  the  emitted  x-rays  and 
the  atomic  numbers  of  the  elements  that 
absorb  them  strongly.  The  possibility  of 
determining  an  element  in  a  group  of  those 
absorbing  strongly,  in  the  presence  of  others 
in  the  group,  would  not  be  good.  However, 
the  considerable  overlap  in  the  strongly- 
absorbing  elements  from  one  group  to  the 
next,  taken  together  with  the  absorption- 
edge  effect,  offer  possibilities  for  specific 
analyses.  Thus,  for  example,  by  the  use  of 
two  sources,  manganese-54  and  iron-55,  a 
specific  method  for  vanadium  might  be 
devised.  Vanadium,  of  atomic  number  23, 
has  a  low  absorption  for  manganese-54  radia- 
tion and  a  high  absorption  for  iron-55  radia- 
tion. It  could,  therefore,  be  determined  by 
the  difference  in  the  absorption  of  the  rays 
from  the  two  sources. 

K-capture  x-ray  absorption  may  obviously 
be  used  to  determine  a  highly  absorptive 
element  in  the  presence  of  elements  of  low 
absorption.  It  may  also  be  used  to  determine 
a  highly  absorptive  element  in  the  presence 
of  other  highly  absorptive  elements  provided 
the  concentrations  of  the  latter  remain  con- 
stant from  sample  to  sample.  But  even  in 
the  first  category,  constancy  of  composition 
of  the  matrix  is  necessary  to  the  extent  re- 
quired by  the  desired  accuracy.  Of  course, 
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even  two  or  more  strongly  absorbing  ele- 
ments may  be  determined  together  if  they 
are  always  present  in  constant  proportions 
to  one  another. 

The  equipment  required  consists  of  the 
source,  a  sample  holder,  a  radiation  detector, 
a  standard  absorber,  and  a  recorder,  such 
as  a  ratemeter,  or  a  sealer  and  register  with 
a  preset  timer  or  counter.2 

The  original  instrumentation2  was  devised 
for  the  analysis  of  liquid  samples,  specifi- 
cally for  the  determination  of  sulfur  in  petro- 
leum hydrocarbons.  The  source  consists  of 
iron-55  plated  on  the  end  of  a  brass  rod, 
enclosed  in  a  metallic  holder,  fitted  with  a 
collimator  and  a  shutter.  The  shutter  opens 
automatically  to  allow  the  release  of  x-rays 
only  when  the  cell  holder  is  pushed  into 
place.  The  cell  is  a  chamber  with  beryllium 
windows.  The  transmitted  x-rays  are  de- 
tected by  a  Geiger  counter  and  counted  on  a 
sealer  with  a  register  and  a  preset  counter. 
Such  an  intrument  is  available  commercially. 
This  instrument  was  later  modified8  so  that 
solid  samples  could  be  analyzed  directly.  (A 
preset  timer  was  used  instead  of  a  preset 
counter.)  A  definite  weight  of  solid  sample 
is  pressed  into  a  flat  disk  and  inserted  into  a 
slot  in  front  of  the  shutter  on  the  source 
holder.  The  rest  of  the  instrumentation  is 
similar  to  that  first  used  except  that  a  cell 
to  contain  liquid  samples  and  a  cell  holder 
are  not  needed.  A  third  type  of  instrument1 
has  been  described  for  carrying  out  analyses 
on  plant  streams.  This  incorporates  features 
designed  to  afford  good  fluid  flow,  ease  of 
cleaning,  pressure  tightness  to  50  psig,  ex- 
treme compactness  and  inherent  shielding. 
Iron-55  may  be  obtained  as  a  product  of 
the  nuclear  pile  by  the  reaction  Fe54  (n,  7) 
Few,    starting    with    iron    enriched    with 
iron-54.  It  is  a  pure  K-capture  isotope, 
emitting  no  beta  particles  or  gamma  rays. 
However,  if  obtained  as  indicated,  it  is  ac- 
companied by  iron-59  which  emits  beta  and 
gamma  rays,  because  of  the  presence  of 
iron-58  in  the  target.  This  undergoes  the 
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reaction  Fe58  (n,  7)  Fe59.  Fortunately,  iron-59 
has  a  half -life  of  45.1  days  whereas  that  of 
iron-55  is  2.94  years,  so  that  by  allowing  the 
source  to  decay,  a  fairly  pure  iron-55  source 
is  obtained.  Iron-55  may  also  be  purchased 
which  is  prepared  in  an  accelerator  from 
manganese-55  (present  in  an  abundance  of 
100  %  in  natural  manganese)  by  either  of  the 
reactions  Mnw  (d,  2n)  Fe85  or  Mn66  (p,  n) 
Fe66.  Such  a  preparation,  having  no  iron-59, 
is  a  pure  K-capture  nuclide.  For  use  as  a 
source,  the  radionuclide  is  plated  out  on  the 
end  of  a  brass  rod  and  is  protected  .with  a 
thin  coating  of  platinum.  The  metallic  hous- 
ing in  which  the  rod  is  kept  serves  as  suffi- 
cient shielding  to  avoid  any  radiation  haz- 
ard. The  apparatus  is  so  arranged  that  the 
shutter  cannot  be  opened  to  allow  x-rays  to 
emerge  without  automatically  interposing  a 
barrier  to  radiation  in  all  directions  except 
through  the  Geiger  tube  or  other  detector. 
The  intensity  of  the  unobstructed  source 
is  too  great  to  allow  its  transmission  to 
serve  as  the  reference  value  for  calculating 
the  relative  transmittancy  of  samples.  The 
reference  value  is  therefore  always  measured 
by  interposing  between  the  source  and  de- 
tector an  aluminum  absorber  of  a  definite 
thickness  which  serves  as  the  standard  zero 
reference.  It  has  been  shown2  that  the  values 
for  the  mass  absorptivities  of  a  number  of 
elements  calculated  from  data  obtained  with 
the  collimated  monoenergetic  iron-55  source 
agree  with  published  values  obtained  by 
more  conventional  means.  It  should,  there- 
fore, be  possible  to  calculate  concentrations 
of  a  given  element  in  a  sample  if  the  content 
of  other  elements  in  the  sample  is  known. 
For  petroleum  hydrocarbons2  one  can,  there- 
fore, knowing  the  ratio  of  carbon  to  hydrogen 
in  the  sample,  calculate  values  for  sulfur 
which  are  not  dependent  upon  calibrations 
obtained  from  sulfur  values  determined  by 
other  methods,  such  as  lamp  or  bomb  analy- 
ses. For  routine  determinations  in  petroleum 
products  in  the  range  0.05  to  2.7  %  sulfur, 
in  a  petroleum  refinery  laboratory,  with  ele- 
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ments  other  than  carbon,  hydrogen  and  sul- 
fur absent  in  quantities  above  0.01  %,  sulfur 
may  be  determined  with  a  reliability  of  about 
±0.05%  sulfur  (twice  the  standard  devia- 
tion). 

For  samples  of  more  complex  composition, 
one  may  determine  a  specific  element  by  the 
use  of  an  empirical  calibration  curve.  In 
order  to  use  such  a  curve  successfully,  one 
must  know  that  the  samples  which  are  to  be 
analyzed  will  vary  essentially  only  in  the 
concentration  of  the  element  to  be  deter- 
mined. Variations  in  composition  otherwise 
must  be  small  enough  to  cause  only  negligible 
errors  in  the  determination.  For  example,  the 
solid-disk  technique,  with  an  iron-55  source, 
has  been  used  for  the  routine,  control  deter- 
mination of  chlorine  in  plant  samples  of 
chlorobenzanthrone8  obtained  during  the 
progress  of  chlorination  of  benzanthrone. 
The  calibration  curve  was  based  on  chlorine 
values  obtained  by  fusion  of  samples  with 
sodium  peroxide,  followed  by  a  Volhard 
titration  for  chloride.  For  samples  ranging 
from  9.5  to  13.5  %  chlorine,  a  standard  devi- 
ation of  the  K-capture  values  from  the 
values  by  chemical  analysis  was  ±0.23% 
chlorine.  This  deviation  comprises  the  errors 
of  both  methods. 

The  iron-55  source  has  also  been  used  for 


continuous  analysis  in  the  plant.1  One  appli- 
cation involved  the  determination  of  calcium 
present  as  a  calcium  soap  dispersed  in 
petroleum  oil.  Calcium  and  oxygen  were 
present  in  a  fixed  ratio  to  each  other  and  the 
sulfur  content  was  constant  for  a  given  ship- 
ment of  oil.  The  calibration  curve  was  based 
on  sulfated  ash  values.  Another  application 
was  the  monitoring  for  ammonium  chloride 
of  wash  water  which  had  removed  that  com- 
pound from  a  bubble-cap  section  of  a  scrub- 
ber tower.  The  ammonium  chloride  content 
dropped  from  6  per  cent  to  less  than  0.1 
per  cent  during  the  washing.  Attainment  of  a 
predetermined  concentration  was  signaled 
by  the  method  as  a  point  for  stopping  the 
washing  operation. 

These  examples  just  touch  upon  the  wide- 
spread possibilities  for  using  this  convenient 
and  inexpensive  method  for  many  laboratory 
and  plant  analyses  of  standardized  composi- 
tions of  matter. 
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Just  as  emission  and  absorption  spectro- 
scopic  analyses  in  the  optical  ranges  of  the 
electromagnetic  spectrum  are  such  impor- 
tant instrumental  techniques,  so  may  charac- 
teristic x-ray  emission  lines  and  absorption 
•edges  be  utilized  by  the  chemist.  It  has  long 
been  known  that  each  chemical  element  has 
one  characteristic  K  absorption  wavelength, 
3L,  5M,  7N,  etc.,  the  relationship  to  atomic 
number  being  governed  by  Moseley's  law.2 


Thus  when  an  absorbing  screen  is  placed  in 
the  path  of  an  x-ray  beam,  and  the  trans- 
mitted beam  is  analyzed  with  the  crystal 
spectrometer,  sharp  discontinuities  or  edges 
in  the  continuous  spectrum  may  be  found 
corresponding  to  the  characteristic  absorp- 
tion wavelengths  in  the  various  series  for 
each  element  present,  these  being  independ- 
ent of  physical  state  or  chemical  combina- 
tion. The  characteristic  absorption  wave 
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length  is  that  at  which  a  chemical  element 
suddenly  becomes  much  more  transparent 
to  an  x-ray  beam  containing  a  continuous 
range  of  wave  lengths. 

The  single  K  absorption  edge  (sometimes 
with  a  fine  structure  disclosed  at  high  resolu- 
tions) has  a  wave  length  always  about  J^  % 
lower  than  that  of  the  shortest  Kry  emission 
line.  The  energy  AyKabs  =  Ac/XKab8  charac- 
terizes the  innermost  K  shell  of  electrons, 
and  so  represents  the  energy  required  just  to 
lift  a  K  electron  out  of  the  atom.  The 
ionized  atom  with  the  K  vacancy  or  in  the 
K  state  returns  to  the  normal  state  when 
electrons  fall  to  the  K  level  from  L,M,  and 
higher  levels  thus  emitting  the  K  spectrum. 
Thus  the  critical  voltage,  on  an  x-ray  tube 
for  electron  acceleration  to  the  target  and 
excitation  of  the  K-series  spectrum  lines  is 
Ve  =  fokaba-  The  following  wave  lengths 
of  the  K  series  of  tungsten  illustrate  the 
general  relationship: 

Kabs    0.17837  A 

Ey       0 . 17935  (sometimes  designated  E&) 

Kft.      0.] 

K& 
Kai 

K«2 


0. 

0.208992 

0.213813 


loublet 


Since  the  L  electronic  shell  comprises  3 
levels  close  together  designated  by  the  quan- 
tum numbers  20,i/2 ,  2i,i/2  and  2lt8/2  there  are 
3  L  absorption  edges,  and  the  more  than  20 
L  emission  lines  can  be  generated  in  groups 

TABLE  1 


At.  number 

Element 

edle 

cL 
edge 

ed£ 

mL 
edge 

42 

Mo 

69 

0.7 

47 
50 

Ag 

Sn 

45 
34 

1.1 
1.5 

51 

Sb 

31 

1.6 

56 

Ba 

24 

2.1 

58 

Ce 

22.5 

2.2 

74 

W 

8 

6.0 

82 

Pb 

5.7 

16.0 

90 

Th 

50 

1.0 

92 

U 

45 

1.1 

by  controlled  voltage.  The  5M  edges  have 
been  measured  for  heavy  elements,  but  there 
are  few  values  for  the  theoretically  possible 
7N,  50  and  3P  levels.  Representative  values 
for  tungsten  are: 


I* 

1.0226 

Ln 

1.0736 

LIU 

1.2140 

Mt 

4.39 

Mn 

4.81 

Mm 

5.46 

Mnr 

6.63 

Mv 

6.86 

Not  a  great  deal  of  use  in  chemical  analy- 
sis has  been  made  of  this  particular  tech- 
nique over  the  years,  probably  because  the 
emission  spectra  are  somewhat  more  sensi- 
tive. The  height  of  this  edge  or  discontinuity 
evaluated  with  the  modern  spectrometer 
with  sensitive  detector  near  and  on  either 
side  of  the  characteristic  absorption  edge  is  a 
quantitative  measure  of  the  amount  of  ele- 
ment is  unknown.  This  is  governed  by  the 
equation 


where  I*  is  the  intensity  of  the  radiation 
leaving  the  absorption  screen  on  the  short 
wavelength  side  of  the  discontinuity,  and  I\ 
the  intensity  of  the  long-wave  side;  c  is  the 
coefficient  which  must  be  experimentally 
determined,  and  p  is  the  amount  of  element 
present.  In  Table  1  are  probably  the  best 
data  available  for  values  of  c  and  m,  the 
weight  in  milligrams  per  square  centimeter 
for  the  production  of  an  absorption  edge 
with  a  5%  intensity  difference  in  the  two 
sides. 

The  method  has  been  used  successfully  for 
analysis  of  barium  in  glass,  antimony, 
barium,  Ifl.nt.Tm-mrmj  bismuth  in  alloys,  and 
many  others.  A  recent  very  successful  appli- 
cation has  been  the  determination  of  zinc 
and  molybdenum1  in  liquid  hydrocarbons, 
lead  and  bromine  in  engine  combustion 
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chamber  deposits,  molybdenum,  nickel  and 
platinum  in  solid  sulfur.  The  method  is  inde- 
pendent of  other  elements  present,  specific 
and  nondestructive.  At  higher  concentra- 
tions this  method  is  preferred  to  x-ray  fluo- 
rescence (q.v.)  because  of  the  absence  of  a 
matrix  effect;  it  is  not  as  sensitive  as  fluores- 
cence at  the  trace  level.  However,  with  the 
advent  of  Geiger  spectrometers,  and  new 
x-ray  tubes  delivering  extremely  intense 
beams  up  to  5,500,000  roentgens  per  minute, 
many  of  the  former  difficulties  are  elim- 
inated. It  is  easily  possible  to  make  analyses 
for  elements  as  low  in  atomic  number  as 
potassium  with  present  equipment,  and  to 
magnesium  or  below  with  special  provisions 
parallel  with  progress  in  emission  spec- 
trometry. 

The  technique  discussed  in  this  article 
employs  a  polychromatic  x-ray  beam  with  a 


continuous  or  "white"  spectrum.  A  given 
chemical  element  in  a  specimen  absorbs  all 
rays  with  wave  lengths  shorter  than  the 
characteristic  absorption  wave  length  to  a 
far  greater  extent  than  rays  with  longer  wave 
length.  A  closely  related  method  for  analysis 
consists  in  the  measurement  in  a  specimen 
of  monochromatic  beams  (isolated  character- 
istic emission  lines)  with  wave  lengths  just 
shorter  and  just  longer  than  the  characteris- 
tic absorption  wave  length  of  the  element  in 
question.  This  absorption  technique  is  in- 
cluded in  the  article  on  X-Ray  Absorption 
Photometry  (Absorptiometry),  p.  703. 
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QUANTITATIVE  ANALYSIS 

X-ray  diffraction  analysis  consists  of  com- 
paring the  diffraction  pattern  of  a  powdered 
sample  containing  an  unknown  amount  of 
the  component  sought  with  the  diffraction 
patterns  of  mixtures  containing  known 
amounts  of  the  component  sought.  This 
technique  is  often  used  whenever  rapid 
determinations,  accurate  to  perhaps  a  few 
percent,  are  acceptable,  or  when  chemical 
analyses  are  unreliable  or  even  impossible. 
The  determination  of  quartz  in  mine  dusts 
was  one  of  the  first  applications;  in  fact  the 
development  of  quantitative  techniques  re- 
sulted largely  from  the  excellent  work  done 
in  regard  to  this  problem  by  several  workers 
beginning  with  Clark  and  Reynolds.9 

Debye-Scherrer  patterns  may  be  recorded 
photographically  in  a  conventional  cylin- 


drical camera  or  by  using  a  diffractometer 
with  a  recorder.  The  measurement  of  in- 
tensities of  diffraction  lines  is  much  simpler 
with  the  recording  diffractometer  than  with 
the  cylindrical  camera,  so  the  diffractometer 
has  almost  completely  displaced  the  camera 
for  quantitative  analysis.  For  this  reason 
in  the  discussion  to  follow  it  will  be  assumed 
that  the  diffraction  patterns  are  obtained 
with  the  diffractometer. 

Under  certain  conditions  the  equation  re- 
lating the  integrated  intensity  of  diffracted 
x-rays  to  the  absorptive  properties  of  a 
sample  is 


~  /%*]  + 


(1) 


where 


ly    =  intensity  of  ith  line  in  the  Debye- 
Scherrer  Pattern  of  component  j. 
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Xj  =  weight  fraction  of  component  j 
(grains  per  gram  of  sample). 

py     =  density  of  component  j. 

M/*  =  mass  absorption  coefficient  of 
component  j. 

Mm*  =  mass  absorption  coeflBcient  of  the 
matrix  (the  material  that  would 
remain  if  component  j  were  re- 
moved). 

Ktj  =  constant  which  depends  upon  the 
characteristics  of  the  apparatus 
and  upon  the  structure  of  com- 
ponent j. 

The  necessary  conditions  that  Eq.  (1)  be 
valid  are: 

(1)  The  sample  is  a  uniform  mixture  of 
particles  small  enough  to  make  extinction 
and  microabsorption  effects  negligible.7* 16 

(2)  The  sample  thickness  is  such  that  the 
diffracted  x-rays  have  maximum  intensity. 

(3)  Porosities  of  samples  must  be  the 
same  for  intensities  to  be  compared. 

(4)  The  crystallites  must  be  randomly 
oriented. 

The  use  of  Eq.  (1)  will  now  be  considered 
for  three  general  cases:  (1)  Samples  for  which 
MJ*  =  Mm*;  (2)  two-component  mixtures  in 
which  M/*  7*  Mm*;  (3)  mixtures  of  several 
components  in  which  MJ*  5*  Mm*,  or  in  which 
Mm*  is  not  known  (the  usual  case). 

Case  1:  M/*  =  Mm*.  For  this  case  Eq.  (1) 
reduces  to 

I»  -  K'x,-  (2) 

Direct  analyses  may  be  made  by  compari- 
son of  the  diffraction  pattern  of  the  sample 
with  that  of  the  pure  component,  subject  of 
course  to  the  four  conditions  stated  above. 
In  those  instances  where  the  component 
sought  has  a  strong  cleavage  plane  it  will 
be  difficult  to  achieve  a  uniform  porosity 
and  random  orientation  simultaneously.  One 
other  condition  should  be  added  to  those 
stated  above  when  direct  analyses  are  per- 
formed, namely,  the  x-ray  beam  intensity 
must  be  maintained  at  the  same  constant 
value  for  all  patterns. 
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Case  2:  Two-component  mixtures  where 
My*  ?*  Mm*.  For  this  case  the  relationship 
between  /</  and  Xj  will  not  be  linear,  but 
direct  analyses  may  still  be  made,  subject  of 
course  to  the  five  conditions  stated  above,  by 
preparing  a  calibration  curve  from  the  dif- 
fraction patterns  of  mixtures  with  known 
compositions  of  the  two  components. 

Case  8:  Mixtures  of  several  components  in 
which  MJ*  5*  Mm*,  or  in  which  Mm*  is  unknown. 

In  this  case  Eq.  (1)  may  be  expressed: 


T 
lij  - 


(3) 


where  Mr*  is  the  mass  absorption  coefficient 
of  the  sample. 

The  intensity  of  the  fcth  line  of  another 
component  I  is 


Because  I%J  and  hi  are  measured  on  the 
same  sample,  and  Mr*  is  characteristic  of  this 
sample  the  ratio  of  these  intensities  is  inde- 
pendent of  Mr*: 


(4) 


KupiJ 


Equations  1-4  were  first  derived  by  Alexan- 
der and  Elug.1  Eq.  (4)  is  the  formula  used 
by  many  investigators1'  5»  7»  *•  9»  u» u- u  and  is 
the  equation  fundamental  to  the  use  of  an 
internal  standard.  It  eliminates  the  small 
errors  due  to  micro-adsorption  effects.  Eq. 
(4)  may  be  applied  to  quantitative  analysis 
in  two  ways:  (1)  another  substance,  called  an 
internal  standard,  may  be  added  in  a  known 
proportion  to  the  sample,  or  (2)  the  com- 
ponent sought  itself  may  be  added  to  the 
sample  and  the  line  of  another  component 
present  used  as  the  internal  standard.10 

1.  Addition  of  an  Internal  Standard.  When 
a  known  amount  of  component  I  is  added  to 
unit  weight  of  the  sample,  the  weight  frac- 
tion of  Xj  is  given  by 


1 
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where  xi  is  the  weight  of  component  I  per 
unit  weight  of  original  sample,  x,-  is  the  weight 
of  component  j  per  unit  weight  of  original 
sample. 

For  quantitative  analysis  a  calibration 
curve  is  prepared  from  diffraction  patterns 
of  mixtures  with  known  composition  of  the 
component  sought  and  the  internal  stand- 
ard. The  ratio  of  intensities  /»,•/!«  is  plotted 
as  a  function  of  the  ratio  of  the  weight  of  the 
component  sought  to  that  of  the  internal 
standard.  A  straight  line  passing  through  the 
origin  is  obtained. 

2.  Addition  of  the  Component  Sought.  In 
some  instances  it  may  be  more  convenient  to 
use  one  of  the  components  present  in  the 
sample  as  the  internal  standard  by  adding  a 
known  weight,  d  per  unit  weight  of  sample, 
and  determining  a  second  relative  intensity 
(or  perhaps  several).  Eq.  (4)  applied  to  this 
case  becomes: 


(6) 


where  C  —  (Rii/xi)  is  constant  since  the 
weight  of  component  I  per  unit  weight  of 
original  sample  is  unchanged.  A  plot  of 
Iy/Iki  as  a  function  of  d,  the  weight  of 
component  j  added  per  unit  weight  of 
original  sample,  is  a  straight  line.  The  inter- 
cept  at  d  =  0  is  the  relative  intensity  meas- 
ured on  the  original  sample.  At  ly/Iki  =  0, 
xi  +  &j  =  0,  consequently  the  quantity 
sought,  Xj ,  is  the  absolute  value  of  the  8  axis 
intercept.  Knowledge  of  the  constant  of 
proportionality  Rii  and  of  xi  is  unnecessary, 
but  intensity  ratios  for  two  or  more  values  of 
3  must  be  determined. 

Equations  (5)  and  (6)  are  valid  for  all 
possible  combinations  of  lines  for  the  two 
components,  consequently  several  estimates 
of  Xj  can  be  obtained,  thus  increasing  the 
accuracy  of  the  determination.  The  advan- 
tage of  this  procedure  seems  first  to  have 
been  pointed  out  by  Brentano.6  Sometimes 
the  lines  of  component  j  may  not  be  com- 
pletely resolved  from  the  lines  of  component 


I.  It  is  generally  possible  to  correct  for  such 
superpositions10  as  long  as  one  line  of  the 
internal  standard  is  free  of  superpositions. 

It  is  also  possible  to  analyze  for  several 
components  in  a  single  sample.  Black8  de- 
scribes a  method  for  analyzing  bauxite  for 
several  components.  Copeland  and  Bragg10 
discuss  a  general  theory  for  setting  up  such 
analyses. 

Precision  of  Analysis.  The  precision  of  the 
analysis  depends  upon  (a)  the  precision  of 
the  intensity  measurements  and  (b)  the 
characteristics  of  the  sample. 

The  precision  of  the  intensity  measure- 
ments is  influenced  by  the  random  nature 
of  x-ray  emission,  the  stability  of  the  x-ray 
generator  (when  using  a  diffractometer), 
and  the  characteristics  of  the  counting  de- 
vices used  to  detect  the  x-rays. 

Bateman4  showed  that  the  probability  of 
x-ray  emission  had  the  Poisson  distribution. 
A  characteristic  of  this  distribution  is  that 
its  variance  is  equal  to  its  mean.  This  is 
significant  to  x-ray  analysis,  for  it  means 
that  in  principle  the  relative  error  of  an 
intensity  measurement  can  be  reduced  to 
any  desired  level  by  waiting  for  a  sufficiently 
large  number  of  x-rays  to  be  diffracted. 

Geiger  tubes,  frequently  used  as  the  de- 
tecting device,  have  an  insensitive  or  "dead" 
time.  The  observed  count  is  thus  increasingly 
in  error  as  the  x-ray  intensity  rises.  Alexan- 
der, Rummer  and  Klug2  discuss  procedures 
for  correcting  this  error. 

The  specifications  the  sample  must  meet 
to  obtain  precise  intensity  measurements 
are: 

(1)  The  sample  must  be  finely  ground;  a 
particle  size  of  not  more  than  a  few  microns 
is  desirable. 

(2)  The  sample  must  be  thick  enough  to 
absorb  all  the  incident  x-rays  (for  diffrac- 
tometer use). 

(3)  Preferred  orientation  must  be  absent. 

(4)  Extinction  effects  must  be  absent. 

(5)  The  sample  must  be  stable  during 
measurements. 
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Several  investigators  have  described  tech- 
niques for  sample  preparation  that  will  meet 
these  requirements.8'11*14  In  practice  the 
relative  error  of  an  analysis  can  be  made  less 
than  1  %  in  favorable  cases. 
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ANALYTICAL  APPLICATIONS  (ESPECIALLY 
METALLURGICAL) 

Analytical  Advantages 

Introduction.  The  use  of  an  instrument 
for  accurate  chemical  analyses  depends  en- 
tirely on  the  instrument's  versatility  and  the 
economics  of  the  method.  Economics  is  the 
major  criterion  for  production  analytical 
laboratories.  This  can  be  summed  up  by 
two  factors:  time  required  for  an  analysis, 
and  the  actual  materials  and  labor  cost  of 
the  analysis.  All  points  considered  in  this 
article  will  be  based  on  how  the  metallur- 
gical industry  considers  the  problem. 

Time.  Time  is  most  critical  to  production 
analyses  when  a  heat  of  an  alloy  is  being 
held  in  a  furnace.  A  quick  report  on  whether 
the  alloy  meets  specifications  can  save  the 
cost  of  a  remelt.  Most  elements  cannot  be 
analyzed  before  a  heat  is  poured,  if  all  analy- 
ses are  to  be  made  by  wet  chemistry  meth- 
ods. The  use  of  x-ray  fluorescence  spectrom- 
etry  has  changed  a  large  portion  of  this 
picture.  Chromium  analysis  time  by  wet 
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chemistry  is  at  best  30  minutes.  This  does 
not  include  sample  preparation  time,  and 
allows  errors  in  the  technique  greater  than 
±1  percent  of  the  amount  present.  Putting 
this  same  sample  through  x-ray  analysis  by 
steps  of  sample  preparation,  comparison  to 
standards,  and  calculation  of  the  results,  the 
answer  with  an  accuracy  of  better  than  ±0.5 
percent  of  the  amount  present  can  be  com- 
pleted in  20  to  25  minutes.  This  is  a  com- 
parison of  quantitative  analyses.  All  quali- 
tative analyses  by  x-ray  fluorescence  can  be 
made  as  quickly  as  the  goniometer  can  be 
set  on  the  characteristic  26  angle  and  the 
sample  inserted.  A  wet  chemical  analysis  in 
some  cases  might  take  hours,  and  a  chemical 
spot  test  could  ruin  a  finished  surface. 

Materials  and  Labor.  The  second  economic 
factor  is  cost  of  materials  and  labor  for  per- 
forming an  analysis.  Sample  cost  is  approxi- 
mately the  same  for  x-ray  and  for  wet  chem- 
ical methods.  A  cast  sample  is  made  for 
either  method. 

Labor,  which  is  the  major  operating  cost, 
is  cut  from  approximately  two  man-hours 
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per  sample  to  an  average  20  minutes  per 
sample.  The  time  gained  comes  totally  from 
the  difference  in  the  method.  Another  factor 
to  consider  is  the  handling  of  rush  jobs.  Wet 
chemistry  cannot  be  rushed  without  losing 
the  value  of  accuracy.  The  x-ray  fluorescence 
method,  employing  an  electronic  machine, 
will  perform  the  analysis  by  several  meth- 
ods swiftly  and  accurately. 

The  most  common  methods  for  measuring 
quantitatively  with  x-ray  spectrometer  are: 

(a)  Use  a  constant  number  of  counts  and 
measure  the  time  to  register  this  number. 

(b)  Use  a  constant  time  and  read  the 
measured  counts  for  this  period  of  time. 
Either  method  is  reduced  to  the  number  of 
counts  per  unit  time,  e.g.,  counts  per  second. 

(c)  Record  the  millivolt  signal  on  a  strip 
chart  recorder  and  measure  the  peak  minus 
background  intensity  of  each  element. 

(d)  Record  the  millivolt  signal  on  a  strip 
chart  recorder  and  measure  the  area  under  a 
peak  with  a  digital  computer. 

Methods  (a)  and  (b)  are  the  most  com- 
mon ways  of  x-ray  fluorescence  analysis. 
Method  (d)  is  a  recent  addition  to  quanti- 
tative techniques. 

Accuracy  and  Reproducibility  of  Re- 
sults. A  quick  analysis  does  not  always  mean 
an  accurate  one.  The  accuracy  of  the  results 
is  determined  by  the  method.  Production  re- 
quirements or  tolerances  dictate  the  method 
of  analysis.  A  comparison  of  the  fluorescence 
method  of  analysis  against  the  wet  chemistry 
method  in  Table  1  presents  a  picture  of  the 
relative  accuracy  for  these  two  methods. 
More  than  one  concentration  level  is  shown 
for  all  of  the  elements  except  manganese  and 
vanadium. 

Results  from  the  x-ray  method,  as  applied, 
appear  more  accurate  in  almost  all  cases  than 
those  obtained  by  wet  chemistry.  The  com- 
parison is  made  of  results  from  routine  x-ray 
or  routine  wet  analyses  with  the  umpire  wet 
chemistry  analyses.  The  latter  data  are  ob- 
tained by  very  tedious,  accurate,  wet  chemi- 


TABLB  1.  COMPABISON  OF  X-IUY,  ROUTINE  WET, 
AND  UMPIEE  ANALYSES  RESULTS 


Element 

X-Ray 

Routine 
Wet 

Umpire 
Wet 

X-Ray 

%  Error 

Routine 
Wet% 
Error 

%w 

18.00 
6.85 

18.20 
6.92 

18.03 
6.80 

0.17 
0.74 

0.94 
1.8 

%Mn 

2.44 

2.38 

2.41 

1.2 

1.2 

%Ni 

9.65 
21.45 

9.92 
21.38 

9.68 
21.55 

0.31 
0.46 

2.5 

0.79 

%Cr 

15.75 
22.87 

16.15 
22.63 

15.81 
22.80 

0.39 
0.31 

2.1 
0.75 

%Co 

15.05 
6.35 

14.94 
6.19 

15.00 
6.30 

0.33 
0.79 

0.40 
1.7 

%Fe 

4.26 
17.20 
6.65 

4.39 
17.10 
6.15 

4.35 
17.25 
6.49 

2.1 
0.29 
2.5 

0.92 
0.87 
5.2 

%Mo 

15.92 
9.95 
3.65 

15.56 
10.12 
3.48 

15.85 
9.95 
3.62 

0.44 
0.00 
0.83 

1.8 
1.7 
3.9 

%v 

Average 

2.14 

2.10 

2.11 

1.4 
0.77 

0.5 
1.69 

Error 

cal  procedures,  and  are  averages  of  several 
determinations. 

Reproducibility  of  results  depends  upon 
the  time  allowed  for  an  analysis,  the  element 
being  measured,  and  its  concentration.  Each 
element  responds  to  the  primary  x-radiation 
according  to  its  atomic  mass.  The  lower  the 
atomic  number,  the  longer  the  wave  length. 
This  is  clearly  discussed  by  Klug  and  Alexan- 
der;* C.  S.  Barrett;f  or  Cullity.J  For  in- 
stance beryllium  (atomic  number  4)  has  a 
characteristic  wave  length  of  115.7  Ang- 
stroms (A)  while  molybdenum  (atomic  num- 
ber 40)  has  a  characteristic  wave  length  of 
0.71  A.  The  x-rays  of  interest  for  fluores- 

*  X-Ray  Diffraction  Procedures— Klug  and 
Alexander 

t  Structure  of  Metals—Barrett 

J  Elementary  X-Ray  Diffraction— Cullity 
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cence  analyses  are  in  the  range  of  0.2  A  to 
2.5  A.  Elements  jff  12,  Mg,  to  #22,  Ti,  have 
wave  lengths  larger  than  2.4  A.  All  the  ele- 
ments from  atomic  number  22,  titanium, 
and  up  can  be  analyzed  with  the  standard 
x-ray  fluorescence  equipment.  Elements  No. 
12,  magnesium,  and  up  can  be  analyzed  when 
helium  gas  equipment  and  a  change  of  crys- 
tals are  added  to  the  standard  equipment.* 

All  these  elements  can  be  measured  by 
x-ray  fluorescence  from  1  percent  to  100 
percent,  regardless  of  the  other  elements  in 
the  sample.  Some  elements  such  as  iron, 
nickel  and  cobalt  can  be  detected  down  to 
0.001  %  =t  10%  of  the  amount  present. 

When  the  elements  are  present  in  amounts 
above  10  percent,  the  system  of  taking 
counts  versus  time  is  accurate  to  ±0.2  per- 
cent of  the  amount  present.  The  accuracy  is 
related  to  the  amount  of  time  allowed  for 
an  analysis.  The  above  accuracy  is  for 
102,400  total  counts.  If  10  percent  chromium 
were  analyzed  for  3200  total  counts,  the 
result  could  be  9.88  percent  to  10.12  percent. 
Taking  102,400  counts  would  change  this  to 
9.98  percent  to  10.02  percent. 

For  this  reason  the  larger  number  of 
counts  consistent  with  reasonably  brief 
counting  times  should  be  used.  In  routine 
operation  the  counting  time  for  76,800 
counts  is  two  to  four  minutes.  The  accuracy 
is  one  percent  or  better  of  the  nominal  ele- 
ment concentration. 

Nondestructive  Technique.  The  sam- 
ples for  x-ray  fluorescence  can  be  liquids, 
powders,  or  solids.  All  wet  chemical  analyses 
on  liquids  require  chemical  treatment  such 
as  compound  precipitation  or  qualitative 
separation.  With  the  proper  sample  holder, 
liquids  can  be  analyzed  by  x-ray  and  re- 
turned to  their  container  unaffected.  Pow- 
ders can  be  compacted  or  simply  poured 
into  a  sample  holder  and  smoothed  level. 
The  powder  method  using  compacts  appears 
to  be  the  most  accurate,  since  it  permits 
greater  homogeneity  of  the  sample  as  well 

*Norelco  Report,  Vol.  IV  No.  I,  Page  12 
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as  the  constant  surface.  Once  a  compact  is 
formed,  it  can  be  placed  in  a  storage  file 
indefinitely  after  its  use.  Again,  there  is  no 
harm  done  by  the  x-rays.  Solid  samples  are 
the  most  common  form  subjected  to  x-ray 
fluorescence. 

Nondestruction  applies  to  the  x-ray  fluo- 
rescence standards  as  well.  Once  a  standard 
sample  is  prepared,  the  only  change  made 
in  the  sample  is  an  occasional  refinishing  on 
the  polishing  equipment.  The  amount  re- 
moved from  the  surface  of  the  standard  is 
negligible.  The  standards  are  good  for 
months  or  years,  depending  upon  the  pro- 
duction of  the  relative  alloy.  The  only  sub- 
stances which  show  a  visible  change  after 
x-ray  irradiation  are  amorphous  materials 
such  as  plastics  and  glass.  One  piece  of  clear 
plastic,  after  two  years  of  use  as  a  powder 
tray,  visibly  cracked  on  grain  boundaries 
through  its  complete  half-inch  thickness.  It 
then  gradually  erupted  in  small  areas  as  a 
fine  powder  and  had  to  be  discarded.  Glass 
will  always  take  on  a  brown  tint  when 
struck  by  x-rays.  This  fact  is  used  for  cen- 
tering the  primary  beam  of  the  x-ray  tube 
on  the  sample  holder. 

Sample  and  Standard  Preparation. 
The  sample  required  depends  upon  the  test 
to  be  made.  A  qualitative  analysis  by  x-ray 
fluorescence  can  be  made  on  any  solid  or 
liquid  as  long  as  the  elements  are  present  in 
a  measurable  concentration,  and  the  sample 
can  be  properly  positioned  in  the  equipment. 

Quantitative  analyses  are  more  exacting. 
The  sample  should  always  be  the  same  size. 
A  convenient  size  specimen  is  a  round  disc 
1%  inches  in  diameter  and  about  %  inch 
thick.  The  sample  can  be  cast  to  this  size 
or  the  proper  thickness  can  be  cut  from  a 
cast  bar.  Another  sampling  technique  is  to 
crush  a  metal  sample  or  an  ore  sample  to  a 
powder  of  325  mesh  and  finer,  then  to  mix 
it  and  compact  the  powder  to  size. 

Whatever  the  method  of  sample  prepara- 
tion used,  the  same  must  be  done  for  the 
standard.  Duplicate  samples  are  recom- 
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mended.  One  goes  through  x-ray  analysis 
while  the  other  is  stored  for  reference  by 
wet  chemistry.  Any  solid  sample  used  for 
x-ray  quantitative  analysis  must  have  its 
surface  processed  for  reproducible  results. 
This  means  grinding  on  a  120  grit  belt- 
grinder;  milling;  grinding  on  a  high  speed 
polishing  wheel  in  a  mill  lathe,  or  even  elec- 
tropolishing,  depending  on  the  type  of 
sample.  The  most  common  method  is  the 
first  mentioned,  but  the  surface  requires  a 
method  of  constant  sample  entry  into  the 
equipment.  For  reproducible  results,  put  a 
reference  notch  in  the  back  of  the  sample  to 
aid  repositioning  in  the  sample  holder.  This 
requires  a  fiducial  mark  in  the  sample  holder. 

Lower  Operating  Costs.  Analysis  of  an 
element  by  x-ray  cuts  the  cost  to  less  than 
%  that  required  by  wet  chemistry.  The 
average  wet  chemistry  analysis,  which  in- 
cludes carbon  determinations,  is  $1.96.  This 
includes  labor,  chemicals,  equipment  and 
the  department's  portion  of  the  plant's 
overhead  cost.  The  same  analysis  done  by 
x-ray,  after  standards  have  been  established, 
costs  $0.82.  The  latter  cost  does  not  take 
into  account  the  fact  that  one  sample  was 
double-checked  or  another  repolished  and  re- 
checked  by  x-ray.  Actually,  more  analyses 
are  made  than  are  shown  in  the  accounting. 

Working  Conditions.  The  atmosphere 
in  which  a  person  works  often  has  a  direct 
bearing  on  the  quality  of  work.  Temperature 
and  humidity  should  be  controlled  for  finite 
results  with  the  x-ray  goniometer.  The  tem- 
perature should  be  held  to  d=3°F,  and  the 
humidity  should  be  held  to  ±5  percent  when 
the  normal  is  50  percent.  Fumes  from  dense 
smoke  or  acid  cannot  be  tolerated.  The  x-ray 
tube  housing  and  goniometer  are  brass  and 
steel  and  hence  easily  corroded.  Dust  must 
be  controlled  to  prevent  sample  contamina- 
tion. The  equipment  and  the  operation  de- 
mand clean,  comfortably  constant  surround- 
ings. 

Analysis  of  Varied  Physical  Forms. 
The  sample  forms  were  briefly  mentioned  in 


the  paragraph  on  nondestructive  testing. 
Liquid  samples  are  normally  of  a  low  con- 
centration, say  less  than  5  percent  of  the 
element  to  be  analyzed.  Therefore,  a  longer 
period  of  counting  time,  which  will  maintain 
the  accuracy  of  the  analysis,  is  required. 
Other  than  this,  the  details  of  analysis 
are  exactly  the  same  for  liquids,  powders 
and  solids.  The  angle  of  measurement,  the 
tube  voltage,  sample  size,  and  the  count  in- 
tensity versus  percent  concentration  curve 
calculations  are  the  same.  Homogeneity  of 
the  sample  is  no  problem  with  liquids.  Sedi- 
ment in  a  liquid  sample  can  either  be  centri- 
fuged  and  decanted  from  the  sample  or  con- 
tinuously circulated  in  the  sample  holder.  A 
pressed  powder  sample  also  behaves  in  a 
very  homogeneous  manner.  The  solid  sam- 
ple, however,  is  more  of  a  problem.  This  will 
be  discussed  in  the  topic  "Limitations". 

The  reproducibility  of  an  analysis  on 
liquids  was  tested  by  using  a  solution  with 
two  grams  of  nickel  dissolved  in  nitric  acid 
and  diluted  to  100  cc.  The  deviation  In 
counting  time  was  0.2  second  or  1%  percent 
of  the  nominal  concentration.  This  repre- 
sents 0.03  gram  of  the  2  gram  sample.  This 
close  a  control  can  be  matched  by  wet  chem- 
ical methods  but  would  require  much  more 
time  and  handling  care. 

A  solid  alloy  sample  with  2  percent  nickel 
by  weight  was  analyzed  to  see  how  it  re- 
sponded to  x-rays  compared  to  the  liquid 
sample  with  the  same  quantity  of  the  ele- 
ment. The  sensitivity  is  much  lower.  A  new 
set  of  standards  and  a  new  "counts  per 
second  versus  concentration"  curve  have  to 
be  drawn.  The  reason  for  this  is  the  depth  of 
penetration  of  the  x-ray  beam  in  the  sample. 
The  density  of  the  metal  is  cause  for  much 
greater  absorption  and  limits  the  penetrabil- 
ity of  the  x-ray  beam.  A  powder  sample 
gives  slightly  higher  counts  per  second  than 
the  solid  metal  sample.  However,  it  still  is 
not  as  responsive  to  the  x-ray  beam  as  the 
liquid  sample.  Therefore,  a  liquid  free  of 
particles  and  sediment  is  the  most  responsive 
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sample  to  x-rays  and  proportionally  the 
most  accurate  due  to  the  larger  sample  vol- 
ume examined. 

Equipment  Modifications  and  the 
Basic  Unit.  A  basic  x-ray  fluorescence  unit 
comprises  a  power  source  and  voltage  regu- 
lator, an  x-ray  tube  (usually  a  tungsten 
target),  the  beam  collimating  system,  a 
crystal  with  a  known  lattice  size,  a  detector 
and  sealer-rate  meter  system,  and  a  means 
of  measuring  the  reflected  angles.  The  re- 
flected angle  is  measured  precisely  to  the 
hundredth  of  a  degree  with  a  goniometer. 

Many  new  electronic  revisions  of  the  latest 
equipment  are  available.  Also,  several  sample 
compartment  models  and  x-ray  beam  path 
systems  have  been  developed  since  the  first 
unit  was  sold  commercially. 

One    major    improvement    of    the    x- 
ray  spectrograph   was    the   helium   path 
equipment.  The  sample   chamber,  crystal 
holder,  beam  collimators  and  detector  are 
bathed  in  helium  gas  to  allow  a  beam  path 
through  an  atmosphere  less  dense  than  air. 
This  permits  transmission  rather  than  total 
absorption  of  the  longer  x-ray  wave  lengths. 
The  latest  development  in  this  line  is  the 
vacuum  spectrograph.  The  proper  medium 
for  the  x-ray  beam  coupled  with  the  best 
detector  results  in  good  resolution  and  in- 
tensity. Recently,   one  firm  developed  a 
modified  collimator-detector  system  which 
reduced  the  intensity  about  20  percent  but 
increased  the  resolution  over  five  times.  This 
high-resolution   modification    requires    re- 
working the  present  goniometer  at  the  fac- 
tory. The  next  improvement  in  efficiency  is 
on  the  detector  and  signal  amplification  level. 
The  first  detectors  used  with  x-ray  spectrom- 
etry  were  Geiger-Muller  tubes  with  either 
the  argon-halogen  or  krypton  gas  fill.  The 
efficiency  of  the  detector  depends  upon  the 
wave  length  of  the  element  being  analyzed. 
Maximum  efficiency  of  the  Geiger-Muller 
tube  is  restricted  to  a  narrow  range  of  wave 
lengths  which  cover  the  fourth  period  tran- 
sition elements,  roughly  atomic  numbers  24 
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to  35.  New  detectors  have  been  developed 
which  expand  this  range.  The  gas  flow  pro- 
portional counter  has  a  maximum  efficiency 
for  atomic  numbers  10  through  20.  The  pro- 
portional counter,  which  is  a  gas-filled  side- 
window  tube,  has  a  maximum  efficiency  for 
atomic  numbers  19  through  42.  The  scintil 
lation  counter  covers  the  widest  range  of  ele- 
ments at  maximum  efficiency.  It  is  sensitive 
to  both  hard  and  soft  radiation  for  the  ele- 
ments with  atomic  numbers  22  through  100. 

Two  counters  operating  at  maximum  effi- 
ciency over  the  whole  range  can  detect  all 
the  element  wave  lengths  which  can  be 
measured  by  x-ray  fluorescence.  This  fact 
has  been  put  to  use  in  the  latest  instrument 
developed  for  x-ray  fluorescence.  The  flow 
proportional  counter  has  windows  on  oppo- 
site sides  of  the  detecting  tube.  Thus  by 
mounting  a  scintillation  counter  on  the  same 
mounting  arm,  but  just  behind  the  propor- 
tional counter,  the  x-ray  beam  can  be  re- 
ceived by  either  detector. 

The  new  vacuum  spectrograph  using  this 
system  of  detectors  will  perform  with  near 
maximum  sensitivity  with  a  weak  vacuum, 
approximately  1  mm  of  mercury.  If  a  greater 
vacuum  were  obtained  such  as  1  X  10~5  or 
1  X  10~7  mm  of  mercury,  the  efficiency  of 
the  unit  would  not  increase  much  over  1 
percent.  One  of  the  outstanding  features  of 
the  vacuum  unit  is  the  crystal  changing  sys- 
tem. The  change  of  crystals  is  performed  by 
turning  a  lever,  without  touching  the  crys- 
tals or  breaking  the  vacuum. 

This  feature  is  accomplished  by  redesign- 
ing the  fluorescence  unit.  The  tube  tower, 
the  rotating  4-place  sample  chamber,  and 
crystal  changer  are  built  into  one  unit  for 
easier  vacuum  control.  It  is  the  first  produc- 
tion equipment  which  actually  replaces  part 
of  the  basic  x-ray  fluorescence  unit  rather 
than  being  appended  to  it. 

Fluorescence  Spectrometry  Limitations 

Element  Range.  The  elements  which  are 
analyzed  by  the  standard  x-ray  spectro- 
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graphic  equipment  are  elements  number  22 
(titanium)  through  elements  number  96 
(curium).  With  the  addition  of  helium  path 
equipment  (lighter-than-air  path)  it  is  pos- 
sible to  analyze  elements  down  to  atomic 
number  12,  magnesium.  This  leaves  the  ele- 
ments from  12  down,  particularly  boron  and 
carbon,  which  cannot  be  analyzed  by  this 
method.  The  wave  length  of  the  element  is 
the  controlling  factor  for  detection  and  anal- 
ysis. At  some  future  date  we  may  see  the 
proper  combination  of  an  energy  source,  dif- 
fracting crystal,  and  detector  which  will  give 
an  accurate  quantitative  analysis  of  all  the 
elements. 

Quantitative  Limits  and  Precision. 
Many  elements  can  be  analyzed  by  the  x-ray 
spectrograph  to  levels  as  low  as  0.001  percent 
or  to  the  maximum  of  100  percent.  As  higher 
energy  x-ray  source  tubes  are  invented  and 
detecting  systems  become  more  sensitive,  the 
minimum  limit  of  detection  moves  toward 
smaller  decimal  figures.  Trace  elements  gen- 
erally cannot  be  considered  for  fluorescence 
analyses.  It  is  wiser  to  use  the  emission 
spectrograph  and  wet  chemistry.  In  some 
cases,  such  as  the  analysis  of  aluminum  in  a 
high  chromium  alloy,  the  trace  level  is  as 
high  as  3  percent. 

Vanadium  with  its  low  atomic  number  is 
seldom  analyzed  by  fluorescence  when  the 
nominal  content  is  below  0.5  percent.  Iron, 
one  of  the  fourth  period  transition  metals, 
can  be  analyzed  at  levels  of  0.001  percent 
and  up.  Again  the  wave  length  and  absorp- 
tion characteristics  of  the  element  dictate  the 
level  of  analysis. 

The  quantitative  limits  at  any  percentage 
level  are  directly  related  to  the  quality  of 
the  standards.  The  standards  must  bracket 
the  extreme  limits  of  the  pertinent  elements. 
If  more  than  four  standards  are  made  with 
less  difference  of  the  element  between  stand- 
ards, and  sufficient  time  is  allowed  for  an 
analysis,  it  is  possible  to  attain  an  accuracy 
which  will  surpass  umpire  wet  chemical 
procedures.  Standards  for  routine  analysis 


should  cover  a  range  of  5  to  30  percent  for 
major  elements  and  %  to  4  percent  for  minor 
elements.  Normally,  four  standards  are  made 
for  the  production  analyses  of  one  alloy. 

A  study  was  made  of  potential  equipment 
error  using  a  sample  with  a  nominal  concen- 
tration of  10  percent  nickel  and  leaving  it  in 
the  machine  for  consecutive  tests.  This  ex- 
periment using  the  constant  sample  gave  a 
variation  of  twelve  counts  per  second  and  a 
standard  deviation  of  4.8  counts  per  second, 
when  only  25,600  counts  were  accumulated. 
This  represents  0.22  percent  nickel,  and  0.08 
percent  nickel,  respectively.  If  four  times 
this  number  of  counts  are  accumulated,  the 
standard  deviation  drops  to  1.6  counts  per 
second,  or  0.03  percent  nickel.  This  increase 
in  precision  is  a  result  of  the  statistical  be- 
havior of  radiation  detectors. 

Size  of  Sample  and  Standard.  The 
qualitative  analysis  of  a  sample  does  not 
demand  uniform  surface  or  uniform  size.  A 
two-degree-per-minute  scan  of  the  two  theta 
angles  usually  constitutes  the  qualitative 
analysis.  Only  the  relation  of  the  wave  length 
of  the  element  and  the  indicating  peaks  at 
the  detection  angle  are  of  importance.  Quan- 
titative analyses,  on  the  other  hand,  are  an- 
other picture.  For  precise  quantitative  re- 
sults it  is  necessary  to  expose  a  constant  area 
of  the  specimen  in  a  consistent  manner.  A 
constant  specimen  size  must  be  decided 
upon.  For  the  program  to  be  described,  a 
convenient  size  specimen,  1  J£  inches  in  diam- 
eter by  about  %  inch  thick,  was  established 
as  the  standard.  The  specimen  can  be  cast  to 
size  in  an  investment  or  sand  mold,  or  it  may 
be  chill-cast  in  bar  form  and  sliced  to  size. 
The  latter  is  preferred  for  homogeneity.  Us- 
ually it  is  necessary  to  design  a  holder  to  suit 
the  chosen  standard  size  of  the  sample.  Any 
variation  in  positioning  the  specimen  can 
lead  to  errors  resulting  from  altering  the 
geometry  described  in  fundamental  x-ray 
text  books.  Altering  the  position  of  the  sam- 
ple will  affect  the  intensity  of  the  diffracted 
rays.  At  the  same  time  the  area  of  the  speci- 
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men  exposed  must  be  constant  for  each  anal- 
ysis, since  this  determines  the  total  radiation 
incident  on  the  analyzing  crystal.  Both  of 
these  requirements  can  be  fulfilled  by  a  rigid 
specimen  holder  that  reproducibly  positions 
and  masks  each  specimen. 

Cost  of  Standards.  An  enlightening  ex- 
ample of  standards  cost  appeared  in  a  recent 
survey  made  on  "Hastelloy"  alloy  500.  The 
alloy  is  composed  of  13  elements.  The  cost  of 
producing  four  reliable  standards  was  ap- 
proximately $3,000.00.  This  covers  raw  ma- 
terials, laboratory  labor,  x-ray  labor  and 
plant  overhead.  Laboratory  labor  plus  plant 
overhead  was  over  three-fourths  of  this  cost. 
The  brigjit  side  of  the  picture  is  the  low  cost 
of  testing  future  samples,  as  discussed  in  the 
section  on  "Lower  Operating  Costs"  p.  729. 

To  partially  offset  the  initial  cost  of  stand- 
ards, it  is  possible  to  use  one  set  of  standards 
for  several  alloys  in  a  series.  It  was  shown 
that  nickel  in  the  300  series  stainless  steels 
could  be  successfully  analyzed  using  only 
one  set  of  four  standards.  One  working  curve 
was  produced  for  the  whole  family  of  11 
steels.  The  nickel  content  varies  from  8  to  22 
percent  in  this  group.  A  similar  circumstance 
exists  with  the  cobalt-base  alloys.  Thirteen 
different  alloy  grades  can  be  analyzed  for 
tungsten  from  3^  to  18  percent  with  one 
set  of  standards  for  the  whole  group.  Once 
again,  it  must  be  pointed  out  that  these 
standards,  for  all  practical  purposes,  are  per- 
manent. 

Specimen  Inhomogeneity  and  Dif- 
fraction Effects.  The  size  and  position  of  a 
sample  have  been  discussed  as  to  their  rela- 
tion to  the  x-ray  beam.  Other  things  which 
must  be  taken  into  consideration  to  gain 
reproducibility  in  the  analysis  of  the  sample 
are  surface  condition  of  the  sample  and  sur- 
face condition  of  the  standard.  The  method 
of  surface  finishdependsupon  the  type  of  alloy 
to  be  analyzed.  The  corrosion-resistant  and 
high-temperature  alloys  are  finished  on  a  40- 
grit  and  120-grit  belt.  The  tool  and  wear- 
resistant  alloys  are  now  being  finished  on  a 
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milling  lathe.  A  high-speed  alumina  grinding 
wheel  replaces  the  mill  in  the  lathe.  The 
sample  and  the  standard  must  be  refinished 
at  the  same  time.  Should  the  sample  be  pol- 
ished on  a  belt  other  than  the  one  the  stand- 
was  polished  on,  the  variation  in  condition 
of  the  belt  is  immediately  detectable.  Repro- 
ducibility checks  on  specimens  finished  on 
belts  with  40-grit,  120,  220,  320,  400,  600- 
grit  and  600-grit  plus  electrolytic  etching 
were  made  on  a  "Hastelloy"  alloy.  The 
coarser  finishes  showed  that  a  large  error 
could  be  encountered  when  the  grinding 
furrows  were  not  always  positioned  in  the 
same  direction  with  respect  to  the  x-ray 
path.  This  study  also  indicated  that  an  orien- 
tation effect  existed  up  to  the  600-grit  fim'gh. 
However,  it  was  determined  that  an  excellent 
reproducibility  could  be  obtained  with  the 
more  convenient  120-grit  finish  when  the 
grinding  marks  were  consistently  oriented. 
A  small  notch  on  the  back  of  the  sample 
serves  as  a  reference. 

Diffraction  effects  are  possible  in  an  x-ray 
spectrometer  when  the  sample  has  a  suffi- 
cient percentage  of  the  element  from  which 
the  target  of  the  x-ray  tube  is  made.  For  ex- 
ample, in  certain  positions  such  a  sample  ra- 
diated by  a  tungsten  target  beam  will  not 
only  fluoresce,  but  also  diffract  the  incident 
tungsten  radiation  in  the  direction  of  the 
analyzing  crystal.  The  crystal,  not  being  able 
to  distinguish  the  two  sources  of  radiation, 
will  allow  an  excessive  counting  rate  by  the 
receiving  tube.  The  orientation  of  the  speci- 
men is  responsible  for  the  error,  since  in 
most  orientations  the  diffracted  radiation 
will  not  reach  the  crystal.  This  problem  was 
solved  by  designing  and  building  a  sample 
rotator.  Since  diffracted  radiation  is  now 
incident  upon  the  crystals  so  small  a  portion 
of  the  total  time,  the  effect  is  diminished  to 
the  point  of  being  an  insignificant  error.  A 
sample  rotator  should  be  built  to  be  asyn- 
chronous with  the  input  x-ray  machine  cur- 
rent to  eliminate  the  orientation  effect. 

Sample  inhomogeneity  can  be  a  source  of 
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analytical  error.  Tungsten  is  a  notorious  ele- 
ment for  segregation  in  large-grained  alloys 
or  during  slow  cooling.  The  best  means  for 
eliminating  the  problem  is  to  crush  the  sam- 
ple and  form  a  powder  compact. 

Initial  Equipment  Cost.  With  the  pre- 
vailing prices,  the  initial  cost  of  an  x-ray 
spectrograph  is  roughly  $12,000.  This  price 
includes  the  x-ray  transformer  base  and 
cabinet,  the  fluorescence  target  tube,  the 
goniometer,  the  crystal,  a  detector,  the 
rate  meter  and  sealer,  and  a  recording  sys- 
tem. An  average  number  of  analyses  made 
in  a  month  in  a  production  laboratory  varies 
roughly  from  600  to  1000  determinations. 
Using  the  figures  (p.  729)  which  were  $0.82 
for  an  x-ray  analysis  and  $1.96  for  a  wet 
chemistry  analysis,  a  difference  of  $1.14  per 
analysis  can  be  seen.  On  this  basis,  a  labora- 
tory putting  out  600  determinations  per 
month  could  pay  for  this  equipment  in  18 
months.  A  laboratory  putting  out  1000  deter- 
minations per  month  would  pay  for  its  equip- 
ment in  11  months.  The  initial  cost  of  the 
equipment,  therefore,  should  be  viewed  in 
terms  of  the  work  load  of  the  laboratory. 

Complex  Electronic  Controls.  The  first 
view  of  x-ray  spectrographic  equipment  gives 
one  the  impression  of  a  maze  of  buttons, 
dials,  and  switches.  These  controls  are  easily 
handled  when  broken  down  into  three 
groups.  One  group  is  responsible  for  control- 
ling the  power  to  the  x-ray  tube.  Another 
group  controls  the  voltage  of  the  detector 
system.  The  third  group  is  responsible  for 
amplifying  and  counting  the  signal  which 
comes  from  the  detector  tube.  The  manual 
handling  of  the  equipment  can  easily  be 
learned  in  one  week  by  a  person  of  normal 
intelligence. 

Repair  of  the  manual  x-ray  equipment  is 
usually  limited  to  changing  an  electronic 
tube  or  a  battery.  Very  seldom  does  more  go 
wrong  with  the  equipment.  The  doors  of  the 
power  transformer  are  interlocked  so  that 
opening  any  door  will  shut  off  the  equip- 
ment. Should  the  water  pressure  in  the  cool- 


ing lines  drop  below  minimum  pressure,  a 
pressure  microswitch  will  shut  off  the  equip- 
ment. A  short  in  any  part  of  the  equipment 
past  the  transformer  is  detected  and  stopped 
by  the  safety  overload  relay  on  the  trans- 
former panel.  Many  safety  devices  are  incor- 
porated in  the  equipment.  However,  no  ma- 
chine is  foolproof.  Caution  and  care  must  be 
exercised  in  the  handling  of  this  electronic 
equipment. 

Radiation  Hazards.  The  x-ray  spectro- 
graphic equipment  is  produced  by  the  manu- 
facturer to  be  free  of  any  radiation  hazards. 
The  longer  x-ray  wave  lengths  known  as  the 
soft  radiation  are  the  wave  lengths  to  be 
handled  with  great  caution.  These  longer 
wave  lengths  are  generally  considered  to  be 
from  3  A  upward  in  length.  Fortunately,  the 
energy  input  into  the  x-ray  tube  is  not  suffi- 
cient to  cause  stray  radiation  3  feet  beyond 
the  physical  equipment,  when  the  equipment 
is  properly  arranged.  The  stray  radiation  in 
this  3-foot  limit  seldom  measures  more 
than  25  milliroentgens.  The  causes  for  this 
can  be  improper  equipment  alignment,  dam- 
age to  the  crystal  surface,  or  improper  beam 
collimation.  If  the  equipment  is  used  for 
technical  service  problems,  it  is  sometimes 
necessary  to  modify  the  sample  entrance 
opening.  This  makes  it  necessary  to  add 
additional  shielding.  There  are  many  com- 
mercial means  of  detecting  this  stray  radia- 
tion. The  most  common  forms  are  pocket  pen 
type  dosimeters,  film  badge  services  which 
include  wrist  badges  and  pocket  badges, 
rings  with  films  as  detectors,  instruments 
which  sit  in  the  laboratory  and  collect  total 
radiation  over  a  period  of  time,  and  last,  but 
finally,  the  simple  method  of  a  sheet  of  film 
in  a  cassette  protected  by  black  paper.  Any 
method  using  film  is  at  best  a  semiquantita- 
tive  method  of  measurement.  Special  radia- 
tion detectors  such  as  the  Geiger  counter 
or  a  scintillation  counter  are  available  to  do 
on-the-spot  checks  of  any  stray  radiation. 
The  introduction  of  new  sample  compart- 
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ments  and  automatic  analytical  equipment 
is  eliminating  the  problem  of  stray  radiation. 
Industrial  Applications.  The  x-ray 
fluorescence  equipment  was  slow  coming  into 
the  industrial  market  until  World  War  II. 
Many  colleges  and  universities  had  the 
equipment  around  1930-1935.  This  could 


have  been  a  stimulus  to  the  sudden  growth 
in  this  field.  There  are  currently  over  2500 
x-ray  fluorescence  units  in  operation  in  the 
United  States.  Lists  of  the  companies  using 
the  equipment  are  available  from  the  manu- 
facturers. 
The  list  in  Table  2  is  representative  of  the 


TABLE  2.  X-RAY  FLUOBESCBNCB  EQUIPMENT  LABORATORIES 


Ceramics 

Abrasives 

Glass  manufacturing 

Insulation 

Lava  products 

Refractory  materials 
Chemistry 

Ammunitions  and  powder 

Batteries 

Cement 

Cloth 

Coke  and  coal  products 

Combustion  products 

Dairy  products 

Electric  power  plants  (water  and  steam  tests) 

Food  manufacturers 

Gas  products 

Inks 

Leather 

National  Bureau  of  Standards 

Oil  and  petroleum  products 

Paint  and  enamel 

Paper  products 

Photographic  supplies 

Plastics 

Police  crime  labs 

Radiation  laboratories 

Raw  materials  (manufacturers,  e.g.,  boron  and 
its  compounds) 

Rubber 


Synthetic  fibres 

Tires 

Tubing  (rubber,  metal  and  synthetics) 
Education 

Colleges 

Universities 

Research  Institutes 

Rockets  and  Proving  Grounds 
Electronics 

Electronic  tubes  and  parts 

Electrical  switches 

Fuses 

Light  bulbs 

Radios 


Televisions 
Geology  and  Mineralogy 

(Mainly  government  offices  other  than  firms 
dealing  directly  in  Geology  or  Mineralogy) 

U.  S.  Department  of  Agriculture 

U.S.  Department  of  Interior 

State  government— Department  of  Roads  and 

Irrigation 
Medical 

Coroners 

Dentistry 

Hospitals 

Medical  aids 

Pharmaceuticals 
Metallurgy 

Aluminum  products 

Arsenals  (weapons) 

Automobiles 

Bearings 

Belt  and  chain  products 

Brass  products 

Business  machines 

Construction  machines 

Farm  equipment 

Foundries 

Gas  turbines 

Gears 

Kitchen  utensils 

Non-ferrous  metals 

Piano  parts 

Piston  rings 

Pressure  and  temperature  regulator  parts 

Refrigerators 

Screws  and  bolts 

Steel  and  iron 

Stoves 
Miscellaneous 

Aircraft 

Cork  products 

Filter  materials 

Historical  museums 

Telephones 

U.S.  Customs  Department 

U.S.  Navy,  Bureau  of  Supplies  and  Accounts 
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types  of  industries  using  x-ray  fluorescence, 
The  count  per  industry  cannot  be  made, 
since  records  from  the  various  companies 
have  not  been  reported  for  the  past  year.  As 
a  good  example  for  one  industry,  250  units  are 
used  in  the  manufacture  of  quartz  crystal 
oscillators.  Examination  of  the  lists  used  to 
compile  Table  2  shows  that  29  percent  of  the 
x-ray  units  are  used  in  educational  and  re- 
search institutions. 

Undoubtedly  many  specialty  industries 
using  x-ray  fluorescence  units  have  been 
omitted  from  the  list.  This  is  not  inten- 
tional. At  the  same  time,  one  group  may 
apply  under  3  or  4  major  headings.  The  table 
does  show  the  diversified  use  of  x-ray  fluor- 
escence. 

Example  of  One  Alloy  in  Metallurgy 

The  use  of  the  x-ray  spectrograph  for  pro- 
duction chemical  analyses  has  gained  rapid 
recognition  in  industry.  The  instrument  an- 
swers the  three  prerequisites  of  production 
analyses — accuracy,  speed,  and  economy. 
Accuracy  and  speed  have  been  touched  upon 
in  previous  paragraphs.  The  economics  of 
analyzing  an  alloy  by  x-ray  is  directly  de- 
pendent on  the  quantity  of  production. 
"Hastelloy  alloy  C"  will  be  used  as  an  exam- 
ple of  how  an  alloy  is  converted  to  x-ray 
analysis  in  the  metallurgical  industry.  When 
an  alloy  is  considered  in  great  enough  pro- 
duction to  offset  initial  cost  of  standards,  it 
is  decided  to  convert  the  alloy  from  wet 
chemistry  analyses  to  the  x-ray  method  of 
analysis.  It  is  then  necessary  to  produce  four 
standards,  which  are  used  to  develop  the 
working  curves  for  the  elements  of  this  alloy. 
It  is  necessary  to  know  the  nominal  composi- 
tion of  each  element  in  the  alloy  and  the 
limits  of  each.  With  this  information,  four 
heats  bracketing  these  limits  are  produced. 
Satisfactory  working  curves  were  obtained 
for  the  nickel-base  "Hastelloy  C",  when  four 
elements  were  varied  in  concentrations  si- 
multaneously in  four  heats  of  the  alloy. 
While  the  nickel  content  was  held  fairly 


constant,  53.0  to  64.0  percent,  chromium 
was  varied  from  14.0  to  16.0  percent,  tung- 
sten from  3.5  to  5.5  percent,  iron  from  4.5 
to  8.0  percent,  and  molybdenum  from  15.5 
to  18.75  percent.  Using  this  technique,  only 
four  standard  samples  were  required  to  ob- 
tain four  working  curves.  Varying  one  ele- 
ment each  time  would  have  required  24  sam- 
ple heats.  Wet  chemical  analyses  have 
proved  this  short  cut  valid.  Verification 
points  may  be  added  to  the  working  curve 
by  selection  of  routine  samples  of  the  same 
alloy  for  rigorous  wet  analysis.  The  tech- 
nique of  changing  several  element  concen- 
trations is  safe,  if  the  absorption  character- 
istics of  the  matrix  remain  unaltered  with 
respect  to  the  primary  x-ray  radiation.  This 
economical  step  toward  obtaining  standards 
will  be  applicable  to  many  systems.  For 
example,  it  was  shown  that  nickel  in  the  300 
series  stainless  steels  could  be  analyzed  using 
only  one  set  of  four  standards. 

Choosing  the  Elements  to  be  Ana- 
lyzed. The  elements  to  be  analyzed  by  x-ray 
fluorescence  spectrometry  do  not  include 
every  element  in  the  alloy.  The  x-ray  spectrog- 
raphy  is  most  favorably  adapted  to  elements 
with  a  concentration  of  greater  than  1  per- 
cent. Therefore,  any  trace  element  or  the 
lower  atomic  number  elements  are  usually 
analyzed  in  the  wet  chemistry  laboratory  or 
by  emission  spectrography.  The  matrix  ele- 
ment of  an  alloy  can  be  analyzed,  but  more 
often  is  considered  the  balance  percentage  of 
an  alloy. 

Program  of  Sample  from  Production 
to  Result.  The  analysis  of  one  or  more 
elements  of  a  production  alloy  is  often  re- 
quired by  x-ray  spectrography  while  the 
heat  is  being  held  in  the  furnace.  A  sample 
is  ladled  into  a  mold  and  the  alloy  slugs  are 
cast.  The  slugs  are  allowed  about  five  min- 
utes to  cool  and  axe  then  rushed  to  the 
laboratory  for  analysis.  The  samples  are 
immediately  polished  (5  minutes),  as  is  one 
standard,  and  then  analyzed  by  x-ray  fluo- 
rescence (5  to  15  minutes).  The  pouring 
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time,  sample  preparation,  and  analysis  take 
approximately  25  minutes.  The  results  are 
promptly  called  back  to  the  furnace  room 
where  corrections  to  the  heat  are  made,  if 
necessary.  The  introduction  of  automatic 
x-ray  spectrographic  equipment  has  cut  the 
analysis  time  to  less  than  half  that  required 
for  the  manual  fluorescence  unit. 

Industrial    How    and    Why    of   X-ray 
Fluorescence 

A  look  at  some  of  the  uses  within  the  in- 
dustrial field  explains  how  and  why  industry 
has  accepted  x-ray  fluorescence  so  readily. 
The  x-ray  tube  and  equipment  will  operate 
continuously  for  thousands  of  hours.  Con- 
tinued operation  is  recommended,  since  the 
power  control  is  regulated  by  electronic 
tubes.  One  particular  tungsten  tube  has 
operated  for  over  20,000  hours,  most  of  it 
continuous,  but  with  input  voltage  con- 
tinually varied  to  suit  the  concentration 
levels  of  the  elements. 

The  equipment  is  easy  to  operate  and 
maintain.  The  operator  can  generally  per- 
form the  maintenance  by  replacing  a  battery 
or  a  tube  to  correct  faulty  operation.  The 
large  number  of  electronic  tubes  would  ap- 
pear to  be  a  source  of  constant  breakdown, 
but  down-time  normally  is  only  one  to  two 
days  a  year.  This  involves  a  routine  check 
of  all  tubes,  oiling  the  recorder,  cleaning  the 
fluorescence  housing,  and  greasing  the  high- 
voltage  connection  to  the  tungsten  tube.  The 
tubes  are  easily  accessible  and  can  be 
checked  individually  or  in  their  operating 
sections. 

A  common  use  for  the  equipment  would  be 
quantitative  analyses  of  elements  (present 
above  J£  percent)  in  production  samples.  An- 
other would  be  spot  checks  on  unidentified 
samples.  Raw  material  control,  plant  mainte- 
nance, safety  hazards,  scrap  and  reclaim, 
and  surface  inhomogeneities  are  a  few  of  the 
uses  for  the  equipment  within  one  industry. 

Special  commercial  modifications  have 
been  made  in  the  field  for  continuous  opera- 
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tion.  These  include  petroleum  flow-line 
units,  uranium  ore  inspection  lines,  sheet 
metal  and  plating  thickness  control,  and 
constant-level  filling  equipment  for  opaque 
wall  containers.  Another  use  would  be  efflu- 
ent stream  contamination  control.  It  can  be 
seen  that  the  equipment  is  easily  adapted  to 
any  type  of  sample,  which  again  points  up 
its  versatility  for  industry. 
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COMPLEX  SYSTEMS:  INTERELEMENT  EFFECTS 

The  fluorescent  line  spectra  produced  by 
x-rays  are  comparatively  simple,  and  in 
complex  mixtures  one  or  more  lines  charac- 
teristic of  each  element  present  are  usually 
free  from  interference.  Quantitative  analysis 
is  made  possible  by  the  proportionality  of 
fluorescent  intensities  to  concentration. 
However,  the  recorded  intensity  of  the 
spectra  emitted  from  a  sample  depends  on 
instrumental  design  and  operating  conditions 
as  well  as  the  sample  composition.  Intensi- 
ties vary  with  the  optical  system  (including 
type  of  collimation  and  detection),  excitation 
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conditions  (including  the  x-ray  tube  design, 
its  operating  potential  and  current),  sample 
area,  thickness  and  grain  size.  Assuming 
controlled  conditions  of  the  instrument  and 
the  sample,  the  line  intensity  of  an  element 
will  vary  with  total  sample  composition,  as 
well  as  that  element's  concentration,  due  to 
the  absorption  effects  which  are  commonly 
designated  as  "interelement  effects."  These 
effects  may  be  predicted  qualitatively;  they 
may  be  corrected  using  one  of  a  variety  of 
techniques  for  sample  preparation  and  in- 
tensity-composition correlations. 

Absorption  Effects 

Beattie  and  Brissey2  state  that  if  it  were 
not  for  these  absorption  effects,  the  intensity 
of  the  fluorescent  radiation  from  an  element 
in  an  alloy  would  be  proportional  to  the 
atomic  density  of  that  element  and  a  quanti- 
tative analysis  could  be  made  from  the  ratio 
of  intensity  in  the  alloy  to  the  pure  element; 
absorption  effects  arise  because  the  incident 
x-rays  penetrate  a  significant  distance  below 
the  specimen  surface.  A  sample  which  is  in- 
finitely thick  (i.e.,  absorbs  all  the  exciting 
radiation)  will  exhibit  the  maximum  disturb- 
ing effects;  for  an  infinitesimally  thin  sample 
the  absorption  effects  would  be  at  a  mini- 
mum.2 

The  absorption  involves  a  number  of  con- 
siderations. Among  these  Sherman14  de- 
scribes the  absorption  of  the  beam  by  the 
specimen,  the  sharing  of  which  will  be  gov- 
erned by  sample  composition,  and  the  ab- 
sorption by  the  sample  of  the  fluorescent 
radiation  itself,  varying  with  sample  density 
and  matrix. 

The  magnitude  of  an  absorption  is  given 
in  terms  of  the  "absorption  coefficient"  and 
has  been  considered  in  detail  by  many  work- 
ers5* 6» 16  since  Barkla  and  his  associates  first 
studied  the  process  of  absorption.  X-rays 
are  more  strongly  absorbed  by  some  sub- 
stances than  by  others.  The  "mass  absorp- 
tion coefficient"  gives  the  fraction  of  the 
energy  which  is  absorbed  when  a  beam  of 


unit  cross  section  traverses  a  unit  mass  of 
material.  It  is  characteristic  of  the  absorbing 
material,  but  independent  of  its  physical 
state.  The  mass  absorption  coefficient  of  a 
combination  of  elements  (e.g.,  a  compound 
or  alloy)  is  the  sum  of  the  mass  absorption 
coefficients  of  all  the  elements  (for  the  wave- 
length in  question)  in  proportion  to  their 
composition  by  weight.2' 6  Extensive  ab- 
sorption coefficient  data  have  been  accumu- 
lated, and  tables  of  these  values  have  been 
published.6 

If  the  mass  absorption  coefficient  of  an  ele- 
ment is  plotted  as  a  function  of  wavelength, 
a  striking  discontinuity  or  drop  appears  at  a 
wavelength  which  is  critical  for  that  ele- 
ment. These  discontinuities  or  "absorption 
edges"  are  characteristic  of  each  of  the 
chemical  elements  and  represent  the  mini- 
mum energy  necessary  for  their  excitation. 
AH  x-rays  of  shorter  wavelength  than  the 
edge  will  be  absorbed  by  that  element  to  a 
considerably  greater  extent  than  wave- 
lengths just  longer  than  this  critical  value. 
A  single  edge  is  associated  with  the  K  series, 
3  with  the  L  series,  and  5  with  the  M  series 
lines. 

Mathematical  Treatment 

Formulas  relating  fluorescent  x-ray  inten- 
sities to  chemical  composition  have  been 
developed  by  Beattie  and  Brissey,2  Gillam 
and  Heal,8  Sherman,14'18  and  Noakes,18 
among  others.  Gillam  and  Heal  have  shown 
that  if  mutual  fluorescence  is  neglected,  the 
intensity  of  a  fluorescence  line  in  a  binary 
homogeneous  mixture  is  related  to  the  con- 
centration of  the  two  elements  and  to  their 
mass  absorption  coefficients  for  the  incident 
and  for  the  fluorescent  radiation.  The  inten- 
sity is  given  by: 


where 

la 

K 


measured  intensity  of  element  a 
proportionality  constant 
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a,  b  =  concentration  of  elements  a  and  b 
Mi     =  mass  absorption  coefficient  for  the 

incident  radiation 
j*a    —  mass  absorption  coefficient  for  the 

fluorescent  radiation 

Using  statistical  considerations,  Sherman 
extended  correlation  theory  to  include  multi- 
component  mixtures.  Assuming  a  mono- 
chromatic incident  beam  of  wavelength 
shorter  than  the  fluorescent  radiation  from 
the  element,  he  first14  developed  the  inten- 
sity-composition relationship  for  the  ele- 
ment of  highest  atomic  number  in  a  2  or  3 
component  system.  The  intensity  of  the  ele- 
ments of  lower  atomic  number  is  compli- 
cated by  "mutual  excitation"  effects  due  to 
the  fact  that  the  characteristic  spectra  of 
higher  atomic  number  elements  are  suffi- 
ciently energetic  to  excite  their  spectra.  The 
relations  also  become  more  involved  if  the 
incident  beam  is  polychromatic;  Sherman 
describes  the  analytical  curves  as  hyperbolas 
in  space,  the  dimensions  of  which  depend  on 
the  components  in  the  mixture.  He  presents 
an  empirical  linear  approximation  which 
may  be  used  for  limited  ranges  of  composi- 
tion. Sherman15  further  amplified  the  theo- 
retical derivation  of  intensities  using  statis- 
tical and  graphical  methods. 

Noakes18  developed  an  absolute  method 
of  analysis  of  2  and  3  element  systems  which 
he  applied  to  stainless  steels.  Intensity  re- 
lationships are  based  on  instrumental  optics 
as  well  as  linear  absorption  coefficients  and 
sample  composition.  Coefficients  of  absorp- 
tion and  enhancement  which  were  deter- 
mined experimentally  for  iron,  nickel,  and 
chromium  may  be  used  for  stainless  steel 
analyses  in  other  laboratories. 

In  spite  of  the  progress  which  has  been 
made  in  the  theory  of  the  correlation  of 
concentration  with  intensity,  its  application 
is  an  extremely  complicated  chore.  Also,  in 
order  to  obtain  agreement  between  experi- 
mental and  theoretical  values  many  assump- 
tions must  be  made  which  do  not  necessarily 


hold  in  practice.  However,  empirical  rela- 
tions have  been  developed  which  are  useful. 
Beattie  and  Brissey2  obtained  accurate 
analyses  of  3  and  4  element  combinations  by 
substituting  empirical  absorption  parameters 
relating  the  intensities  of  pairs  of  elements 
to  their  weight  percentage,  into  simulta- 
neous, linear  equations.  These  parameters 
are  defined  as  follows: 

A*  =  (Ra  -  1) 


where 
AOJ 

A* 

Wa  •• 
Wt  - 

Ra     = 


la, 

etc. 


•  the  absorption  parameter  of  ele- 
ment b  for  element  a 

•  the  absorption  parameter  of  ele- 
ment a  for  element  b 

the  fractional  weight  of  element  a 
in  the  alloy  standard 
the  fractional  weight  of  element  b 
in  the  alloy  standard 


intensity  from   a   pure   element 

specimen  of  a 

intensity  from  the  alloy  standard 


Mitchell11'  u  used  empirical  arithmetic 
corrections  for  the  analysis  of  systems  of  up 
to  6  components.  In  a  system  of  elements  A, 
B,  C,  D,  E,  and  F,  the  intensity  of  element 
A  is  corrected  for  the  presence  of  C,  D,  E, 
plus  F,  and  analyzed  as  if  there  were  only  a 
two-component  system  of  A  and  B.  Absorp- 
tion or  enhancement  corrections  are  based 
on  the  measured  intensities  of  3-component 
standards  containing  varying  percentages  of 
A,  B,  and  the  interfering  element.  The  "cor- 
rection factor"  is  the  ratio  of  the  intensity  of 
A  in  a  matrix  of  elements  B  and  C  to  its 
intensity  in  matrix  B.  A  formula  for  the  ad- 
justed intensity  of  A  in  matrix  B  follows: 


IO(FAOB  +  FADB  +  FABB  + 
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where 

Jo 
J^ 
etc. 


=  the  observed  intensity 

=  factor  for  effect  of  C  on  A  in  B 


Prediction  of  Interelement  Effects 

Quantitative  analysis  of  a  sample  by  x-ray 
spectrography  is  facilitated  by  prior  quali- 
tative examination  for  its  major  constit- 
uents. Knowledge  of  the  sample  matrix 
allows  general  prediction  of  the  absorption 
effects  which  will  occur.  Intelligent  selection 
of  the  appropriate  method  for  interelement 
effect  correction  and  choice  of  analytical 
lines  subject  to  a  TnirrimnTn  absorption  are 
then  possible.  Interelement  effects  can  be 
predicted  by  a  study  of  mass  absorption  co- 
efficients and  the  relative  positions  of  x-ray 
lines  and  element  absorption  edges.  Tabula- 
tions of  absorption  edge  and  emission  line 
wavelengths  are  readily  available.4  •  6«  17»  18 

General  and  Specific  Absorptions.  The 
effects  fall  into  two  categories  (1)  general 
absorption  of  the  element  fluorescent  radia- 
tion by  the  matrix,  and  (2)  specific  absorp- 
tion or  enhancement  of  the  radiation  by  the 
matrix. 

(1)  The  mass  absorption  coefficient  of  a 
given  material  for  a  given  radiation  (or  of  a 
given  radiation  by  a  given  material)  char- 
acterizes both  the  material  and  the  radia- 
tion. The  coefficient  for  a  given  material 
decreases  with  decreased  wavelength  of  the 
radiation  (except  at  absorption  edges);  the 
coefficient  for  a  given  wavelength  increases 
with  increased  atomic  number  of  the  given 
material.  Consequently,  a  light  element 
emitting  long  wavelength  radiation  in  a 
heavy  element  matrix  is  strongly  absorbed 
and  its  intensity  is  low  at  low  concentra- 
tions; e.g.,  titanium  (Z  =  22)  in  a  tantalum 
(Z  —  73)  matrix.  Generally,  the  absorption 
of  the  radiation  from  a  heavy  element  by  a 
light  matrix  is  small,  and  its  intensity  is  high 
at  low  concentrations;  e.g.,  uranium  (Z  = 
92)  in  iron  (Z  =  26).  Refer  to  Figure  1  for 


typical  calibration  curves.  However,  since 
the  L  series  radiation  of  an  element  is  softer 
(longer)  than  its  K  series  radiation,  the  L 
series  of  heavy  elements  such  as  the  rare 
earths  (Z  =  57  through  71)  will  be  more 
highly  absorbed  than  the  K  series  by  light 
elements  such  as  titanium  or  calcium  (Z  = 
20).  Generally,  the  degree  of  absorption  of 
an  element  by  its  matrix  will  depend  on  the 
interrelation  of  the  mass  absorption  coeffi- 
cients of  the  matrix  elements  for  that  ele- 
ment. 

(2)  Category  (2)  is  an  extension  of  (1)  in 
which  the  interelement  effect  is  a  more 
specific  absorption-enhancement  which  oc- 
curs due  to  the  proximity  of  absorption 
edges  and  emission  lines.  Since  the  mass  ab- 
sorption coefficient  of  an  element  increases 
with  the  wavelength  of  the  absorbed  radia- 
tion until  an  absorption  edge  is  reached, 
drops  at  this  point  and  then  increases  again 
with  wavelength,  radiation  shorter  than  the 
absorption  edge  will  be  absorbed  to  a  greater 
extent  than  radiation  just  on  the  long  side  of 
the  absorption  edge.  The  absorption  of  radia- 
tion shorter  than  the  absorption  edge  of  an 
element  results  in  the  excitation  or  enhance- 
ment of  the  fluorescent  radiation  of  that  ele- 
ment. 

Effects  Occurring  in  K  Series  Spectra. 
In  the  case  of  the  K  series  of  elements  ad- 
jacent to  one  another  in  the  periodic  table 


CONCENTRATION 

FIG.  1.  Typical  intensity  f«.  concentration  cali- 
bration curves;  Curve  1  represents  a  heavy  ele- 
ment in  a  light  matrix;  Curve  2  represents  a  light 
element  in  a  heavy  matrix. 
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from  atomic  number  22  through  the  rare 
earth  series,  only  moderate  effects  occur,  and 
intensities  of  the  K  alpha  lines  are  nearly 
linearly  related  to  concentrations;  for  exam- 
ple, Cb  K  alpha  or  Zr  K  alpha  in  a  colum- 
bium-zirconium  (Z  =  41  and  40)  system; 
Fe  K  alpha  or  Mn  K  alpha  in  an  iron-man- 
ganese (Z  =  26  and  25)  system  (refer  to 
Figure  2).  However,  in  the  case  of  some  ad- 
jacent elements  in  this  group,  it  may  not  be 
possible  instrumentally  to  resolve  the  K 
alpha  line  of  the  higher  from  the  K  beta  of 
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FIG.  3.  Examples  of  K  series  emission  line-ab- 
sorption edge  relationships  for  2  and  3  element 
combinations. 
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CONCENTRATION 

FIG.  2.  Typical  emission  line-absorption  edge 
relationships  and  calibration  curves  for  the  K 
series  of  adjacent  elements  from  atomic  number  22 
through  the  rare  earth  series;  Curves  1  and  3,  re- 
spectively, represent  the  K  alpha  and  K  beta  line 
intensities  of  the  lower  number  element;  Curves  2 
and  4,  the  K  alpha  and  K  beta  line  intensities  of 
the  higher  number  element. 
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the  lower  atomic  number  element;  for  exam- 
ple, V  K  alpha  at  2.50  A  and  Ti  K  beta  at 
2.51  A.  Then  it  becomes  necessary  to  use  the 
K  beta  of  the  higher  number  element  (V  K 
beta  in  this  case)  as  its  analytical  line,  in 
which  case  a  severe  absorption  is  exhibited 
due  to  its  location  on  the  short  wavelength 
side  of  the  absorption  edge  of  the  lighter  ele- 
ment (Figure  3).  In  fact,  the  K  beta  line  of 
the  heavier  of  any  2  or  more  adjacent  ele- 
ment combinations  suffers  absorption  by  the 
lighter  elements,  being  most  severely  effected 
by  the  element  immediately  adjacent.  If,  as 
in  Figure  2,  the  Fe  K  beta  or  Cb  K  beta  were 
chosen  as  the  analytical  lines,  they  would 
exhibit  absorption  by  manganese  or  zirco- 
nium, respectively.  The  Fe  K  beta  line  in  a 
combination  of  iron,  manganese,  and  chro- 
mium (Z  =  26,  25,  and  24)  would  be  ab- 
sorbed by  both  manganese  and  chromium; 
Mo  K  beta  in  a  combination  of  molybdenum- 
columbium-zirconium  (Z  =  42,  41,  and  40) 
would  be  absorbed  by  both  columbium  and 
zirconium  (Figure  3).  The  lighter  elements 
are  enhanced  as  a  result,  but  generally  only 
to  a  small  degree.8  • 18  Where  there  is  an  inter- 
ference on  the  K  alpha  (first  order)  line  of 
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an  element  in  a  multi-component  mixture 
and  the  K  beta  line  is  severely  absorbed,  use 
of  the  K  alpha  (second  order)  line  may  be 
advantageous.  In  the  molybdenum  example 
cited,  the  peak-less-background  intensity  of 
the  Mo  K  alpha  (second  order)  line  using  a 
NaCl  crystal  is  significantly  higher  than  the 
peak-less-background  intensity  of  the  Mo  K 
beta. 

In  combinations  of  three  adjacent  ele- 
ments from  Atomic  No,  22  to  35,  no  general 
pattern  appears  and  variations  in  effects  oc- 
cur. There  is  a  gradual  shift  through  this 
group  of  the  K  alpha  lines  of  the  two  higher 
elements,  so  that  by  Atomic  No.  35,  all  the 
K  alpha  lines  of  a  three-element  combina- 
tion are  on  the  high  side  of  the  absorption 
edges,  thus  freeing  them  from  specific  ab- 
sorption. A  major  problem  in  the  first  few 
elements  from  No.  22  up  is  line  interferences 
on  both  K  series  lines  of  the  middle  of  three 
elements.  The  V  K  alpha  line  has  a  Ti  K 
beta  interference  and  the  V  K  beta  line  has 
a  Or  K  alpha  interference.  On  most  instru- 
ments these  are  not  resolvable  or  separable 
by  PHA.  The  situation  for  chromium-man- 
ganese-iron is  somewhat  less  severe  and  on 
many  instruments  either  manganese  line 
may  be  usable.  In  this  case  the  Mn  K  alpha 
is  preferable  because  of  its  sensitivity  and 
location  on  the  high  side  of  the  three  edges. 
Combinations  of  three  elements  from  No.  35 
to  the  rare  earths  are  typified  by  zirconium- 
columbium-molybdenum  and  lanthanum- 
cerium-praseodymium.  The  K  alpha  lines  of 
each  of  the  three  elements  are  on  the  high 
side  of  the  edges.  However,  the  higher  ele- 
ment in  each  case  is  subject  to  some  line  in- 
terference from  the  K  beta  of  the  lower  ele- 
ment, e.g.,  the  Mo  K  alpha  and  Zr  K  beta 
which  are  0.008  A  apart,  and  the  Pr  K 
alpha  and  La  K  beta  which  are  0.016  A 
apart.  In  addition,  even  if  sufficient  kilovol- 
tage  is  available  to  excite  the  K  series  of 
heavier  elements  such  as  the  rare  earths,  fine 
resolution  is  necessary  to  separate  the  El  al- 
pha lines,  there  being  less  than  0.015  A  dif- 
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FIG.  4.  Typical  K  series  emission  line-absorp- 
tion edge  relationships  for  elements  from  atomic 
number  12  through  22. 

ference  between  the  Ce  K  alpha  and  the  Pr 
K  alpha  or  the  Ce  K  alpha  and  the  La  K 
alpha.  If  sufficient  resolution  is  available,  the 
K  alpha  lines  in  such  combinations  are  pref- 
erable. 

The  relative  positions  of  the  absorption 
edges  and  emission  lines  of  adjacent  elements 
less  than  Z  =  22  are  shown  in  Figure  4  for 
calcium-scandium-titanium  and  magnesium- 
aluminum-silicon  combinations.  This  region 
from  Z  =  12  through  22  offers  the  simplest 
x-ray  spectrum  and  combination  of  2  or  more 
elements  are  free  from  line  interferences 
(except  for  several  second  order  lines).  In 
combinations  of  2,  3,  or  more  adjacent  ele- 
ments, both  K  series  lines  of  the  heavier 
element  are  absorbed  by  the  lighter  elements, 
the  effect  being  severest  with  titanium- 
scandium  and  least  with  aluminum-magne- 
sium. 

Effects  Occurring  in  L  Series  Spectra. 
Because  of  excitation  requirements,  elements 
of  the  rare  earth  series  and  higher  atomic 
number  are  analyzed  by  measurement  of 
their  L  series  spectra.  The  multiplicity  of  L 
series  lines  and  L  absorption  edges  causes 
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their  relationship  to  be  somewhat  more 
complex  than  K  series  lines  and  edges,  and 
prediction  more  difficult.  Figures  5  and  6 
illustrate  this  relationship  for  combinations 
of  rare  earth  elements  from  lanthanum  (Z  = 


57)  through  samarium  (Z  =  62)  and  for 
tantalum-tungsten  combinations  (Z  =  73 
and  74).  The  choice  of  lines  will  be  deter- 
mined  by  the  interferences  occurring  in 
complex  matrices.  In  a  lanthanum-cerium- 
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FIG.  5.  Emission  line-absorption  edge  relationships  and  a  typical  calibration  curve  family  for  the 
L  series  of  rare  earth  elements  from  lanthamim  through  samarium;  Curves  1,  2,  3,  and  4  represent  the 
K  beta  1  line  intensity  of  praseodymium  in  cerium,  neodynium,  samarium,  and  lanthanum. 
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praseodynuiim-neodymium-sainariiim  mix- 
ture, the  intensity  of  lanthanum  L  alpha 
varies  generally  with  matrix,  since  it  is  ab- 
sorbed less  by  cerium  than  by  praseo- 
dymium, neodymium,  or  samarium  in  that 
order.  It  is  almost  linearly  related  to  concen- 
tration, being  on  the  high  side  of  the  L  ab- 
sorption edges  of  each  of  the  group,  and  be- 
ing subject  to  general  absorption  by  the 
matrix  as  well  as  enhancement  by  its  char- 
acteristic radiation.  The  intensity  of  Ce  L 
alpha  is  similarly  almost  directly  propor- 
tional to  its  concentration  and  varies  gener- 
ally with  matrix,  being  absorbed  less  by 
lanthanum  than  by  praseodymium,  neo- 
dymium, or  samarium.  The  choice  of  the  L 
beta  1  lines  of  praseodymium,  neodymium, 
and  samarium  is  usually  necessary  due  to 
fairly  close  interferences  on  their  L  alpha 
lines.  Nd  L  beta  1,  being  on  the  short  wave- 
length side  of  the  La  L  III  absorption  edge, 
is  specifically  absorbed  by  that  element  and 
generally  absorbed  by  cerium,  praseo- 
dymium, and  samarium.  Pr  L  beta  1  at 
2.26  A,  virtually  the  same  wavelength  as 
the  L  III  absorption  edge  of  lanthanum,  is 
absorbed  by  that  element.  Sm  L  beta  1  at 
2.00  A  is  subject  to  some  absorption  by 
lanthanum  and  praseodymium  (L  II  at  2.10 
A  and  L  III  at  2.08  A,  respectively)  and 
slight  absorption  by  cerium  (L  III  at  2.16 
A).  These  effects  due  to  the  interrelationship 
of  lines  and  edges  are  typical  examples  of  L 
series  spectra.  The  L  alpha  1  lines  of  adja- 
cent elements  are  subject  to  general  absorp- 
tion; some  enhancement  of  the  L  spectra  of 
the  lighter  element  may  occur  due  to  "mu- 
tual enhancement"  effects.  If  combinations 
of  more  than  2  adjacent  elements  are  to  be 
determined,  line  interferences  may  necessi- 
tate the  choice  of  analytical  lines  subject  to 
specific  absorption  effects. 

Internal  Standard  Considerations.  In 
the  use  of  internal  standards  for  quantitative 
spectroscopy,  knowledge  of  interelement 
effects  is  essential;  the  subject  has  been 
thoroughly  covered  by  Von  Hevesey,10 


Glocker  and  Schreiber,9  and  Adler  and 
Axelrod.1  The  critical  factors  in  the  choice 
of  an  internal  standard  for  an  element  ad- 
jacent to  it  in  the  periodic  table  may  be 
summarized  as  follows: 

Absorption  Effects,  (a)  The  change  in  in- 
tensity ratio  due  to  the  preferential  absorp- 
tion of  the  longer  wavelength  line  by  a  third 
element  having  an  absorption  edge  on  the 
long  wavelength  side  of  the  two  lines  being 
measured. 

Although  Von  Hevesey  calculated  and  ob- 
served examples  of  small  effects  in  intensity 
ratios,  Adler  and  Axelrod  found  that  even 
when  the  comparison  elements,  e.g.,  colum- 
bium-molybdenum  or  chromium-manganese 
are  severely  absorbed  by  the  third  element, 
their  ratio  is  fairly  constant. 

(b)  The  change  in  intensity  ratio  due  to 
the  presence  of  an  element  with  an  absorp- 
tion edge  between  the  two  lines  being  meas- 
ured. 

The  magnitude  of  absorption  of  the 
shorter  radiation  obviously  is  large.  To  avoid 
a  disturbing  absorption  effect,  Von  Hevesey 
recommends  choosing  comparison  lines  as 
close  together  as  possible,  the  lower  limit  of 
their  proximity  being  fixed  only  by  the  in- 
strumental ability  to  distinguish  between 
them. 

Excitation  Effects,  (a)  The  presence  of  a 
line  of  a  third  element  between  absorption 
edges  of  the  two  elements  to  be  compared. 

Von  Hevesey  indicates  that  a  disturbing 
effect  occurs  only  when  the  line  of  the  third 
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FIG.  6.  Example  of  one  type  of  L  series  pattern 
for  adjacent  elements. 
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element  is  an  intense  one.  Its  radiation  can 
excite  the  softer  edge,  but  not  the  harder 
one,  and  the  intensity  ratio  will  be  changed 
in  favor  of  the  line  having  the  softer  edge. 
Adler  and  Axelrod  describe  typical  cases 
where  this  relative  enhancement  is  large. 

(b)  The  presence  of  a  line  of  a  third  ele- 
ment on  the  short  wavelength  side,  but  much 
closer  to  the  edge  of  one  of  the  two  elements 
to  be  compared.  The  intensity  ratio  in  this 
case  may  be  affected  because  of  differences 
in  the  excitation  of  the  2  lines  being  com- 
pared. However,  the  enhancement  effect  is 
fairly  small,  even  when  the  edges  are  widely 
separated  and  the  exciting  line  is  strong. 

Von  Hevesey  also  points  out  other  disturb- 
ing effects  which  may  occur  such  as  mixed 
excitation  of  characteristic  lines  because  of 
enhancement  by  the  x-ray  tube  target  spec- 
trum. 

Simplifications.  In  the  prediction  of  the 
interelement  effects  occurring  in  complex 
combinations,  many  simplifications  may  be 
made.  Because  of  the  fixed  pattern  of  x-ray 
wavelength    and    absorption    edge    with 
atomic  number,  elements  adjacent  to  one 
another  in  the  periodic  table  are  affected  by 
and  affect  certain  other  elements  in  a  simi- 
lar manner.  For  example,  Cb  K  series  lines 
are  specifically  absorbed  by  tantalum  to 
about  the  same  degree  as  by  tungsten  or 
hafnium,  and  are  generally  absorbed  by 
titanium  to  about  the  same  degree  as  by 
vanadium.  Zr  K  series  lines  are  selectively 
absorbed  by  tantalum,  tungsten,  or  hafnium 
and  generally  absorbed  by  titanium  and 
vanadium  to  almost  the  same  degree  as  is 
columbium.  This  similarity  in  absorption  be- 
havior, of  course,  is  the  basis  for  internal 
standardization.  It  also  permits  short-cut- 
ting the  standardization  for  complex  com- 
binations by  reducing  the  number  of  stand- 
ards or  corrections  necessary. 

Progress  in  Interelement  Effect  Correc- 
tion 

Increased  awareness  of  the  basic  principles 
involved  in  x-ray  absorption  and  of  the 
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pattern  correlating  x-ray  fluorescent  intensi- 
ties with  composition  will  make  possible 
more  extended  and  more  accurate  use  of 
x-ray  spectrography  as  an  analytical  tool. 

Improved  instrumental  optics  (particu- 
larly in  resolution  and  in  extension  to  the 
very  short  wavelength  region)  and  increased 
available  power  for  sample  excitation  will 
make  possible  the  choice  of  analytical  lines 
subject  to  a  minimum  of  absorption  effects. 

Quantitative  tabulations  of  absorption 
effects  in  multi-component  systems  will  be 
published.  Data  processing  and  computing 
equipment  will  be  programmed  using  these 
quantitative  absorption-enhancement  values 
for  line  intensity  correction  and  for  true 
direct  reading  of  compositions. 


13. 
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ELECTRON  PROBE  MICROANALYZER 

One  of  the  very  newest  contributions  to 
x-ray  spectroscopic  techniques  is  the  success- 
ful design  and  commercial  production  of  the 
so-called  electron  probe,  or  point-by-point 
microanalyzer.  This  was  first  developed  by 
Castaing8  in  France  in  1951.  Its  purpose  is 
to  provide  a  means  of  excitation  of  primary 
x-rays  in  individual  grains  or  particles  in 
powders  or  aggregates  as  small  as  a  micron 
in  diameter,  so  that  variations  in  chemical 
composition  may  be  traced  in  passing  from 
one  grain  to  another.  The  probe  is  unique  in 
several  respects  and  comprises  the  following 
features: 

(1)  The  electron  beam,  used  for  bombard- 
ing the  target  (a  single  grain)  in  analogy 
with  a  conventional  x-ray  tube,  is  collimated 
into  a  fine  pencil  of  1  /*  or  smaller  cross  sec- 
tion by  means  of  magnetic  lenses  exactly  as 
in  the  electron  microscope.  This  beam  thus 
excites  x-rays  essentially  from  a  point  source. 

(2)  The  specimen  may  be  moved  by  a 
translation  mechanism  so  that  any  desired 
area  may  be  brought  into  position  for  analy- 
sis. 

(3)  An  optical  microscope  system  is  built 
into  the  instrument  for  direct  observation  of 
the  area  undergoing  analysis. 

(4)  The  spectrometer  for  analysis  of  the 
emitted  characteristic  x-radiation  is  specially 
designed  to  make  best  use  of  the  very  small 
beam,  and  usually  depends  upon  focusing 
curved-crystal  optics.1 

It  should  be  noted  that  this  technique  is 
currently  the  only  one  using  the  original  pri- 
mary x-ray  beam  spectrometry  in  which  the 
specimen  is  pasted  on  a  target  and  bom- 
barded with  electrons  from  the  cathode.  The 


present  powerful  secondary  fluorescent  x-ray 
spectrometry  (q.v.)  used  almost  exclusively 
for  analysis  is  not  adapted  for  the  micro- 
probe  analyzer  for  two  reasons:  (1)  it  is  al- 
most impossible  to  collimate  a  primary  x-ray 
beam  down  to  a  micron  or  less  in  comparison 
with  the  magnetic  lens  control  of  an  electron 
beam;  (2)  the  total  intensity  of  the  second- 
ary fluorescent  beam  from  1-micron  areas  is 
too  low  for  quantitative  measuring.  The  in- 
tensity of  the  primary  x-ray  beam  is  200  to 
1000  times  greater  than  that  produced  by  the 
same  sample  by  fluorescence.  Thus  at  least 
0.1  %  of  an  element  is  generally  detectable. 

The  designs  and  operation  of  electron 
guns,  electromagnetic  lenses  and  apertures, 
and  corrections  for  astigmatism  and  spheri- 
cal aberration  of  these  lenses  are  generally 
well  known  from  electron  microscope  devel- 
opment, and  for  microprobe  purposes  are 
discussed  in  detail  by  Birks  in  his  book.1 
The  specimen  chamber,  which  of  course  must 
be  operated  at  a  Coolidge  vacuum  character- 
istic for  any  x-ray  tube  with  hot  filament 
cathode,  is  a  precision  instrument  with  a 
translation  mechanism  capable  of  positioning 
the  specimen  to  within  1  micron  of  the  exact 
area  required  and  scanning  successive  areas 
along  a  line.  X-rays  pass  through  a  beryllium 
or  "Mylar"  window  into  the  crystal  spec- 
trometer which  itself  must  be  evacuated  for 
analysis  of  the  lighter  elements.  In  a  design 
by  Duncomb6  the  electron  beam  is  swept 
back  and  forth  over  a  J£  mm  X  %  inm  area 
of  the  specimen  surface;  the  x-ray  output  of 
the  scanning  may  be  displayed  on  a  televi- 
sion-type tube  synchronized  with  the  scan- 
ning of  the  specimen. 

The  spectrometer  employing  ^curved  crys- 
tal optics  to  make  ma^irmiTn  use  of  the  1- 
micron  focal  spot  may  be  used  to  scan  the 
whole  spectrum  or,  with  multiple  fixed  crys- 
tals and  detectors,  as  discussed  under  x-ray 
emission  spectroscopy,  may  be  used  to  record 
intensities  of  several  elements  simultane- 
ously and  continuously  as  the  specimen  is 
translated.  The  choice  of  crystal  analyzer, 
discussed  on  page  751,  is  dictated  by  wave 
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length  ranges  and  resolution  required.  LiF 
crystals  are  generally  convenient  as  in  fluo- 
rescent x-ray  spectroscopy.  Detectors  are 
also  Geiger,  proportional  and  scintillation 
counters,  with  the  same  electronic  circuits; 
and  nondispersive  (filter)  systems  may  also 
be  used  as  in  the  fluorescent  spectral 
analyses. 

Not  all  specimens  suitable  for  fluorescent 
analysis  can  be  adapted  for  successful  exam- 
ination by  the  electron  probe.  Liquids 
volatilize  on  the  high  vacuum;  some  speci- 
mens are  unstable  in  the  intense  electron 
beam,  as  is  also  true  in  electron  microscope; 
the  surface  must  be  smooth  to  avoid  varia- 
tions in  x-ray  output;  and  the  specimen  must 
be  electrically  conducting,  or  made  so  by 
deposition  of  a  thin  metallic  layer.  Absorp- 
tion effects  in  quantitative  interpretations 
are  much  smaller  because  of  surface  excita- 
tion and  path  length  for  x-rays  of  only  a 
few  microns:  but  enhancement  of  line  inten- 
sities (for  example  excitation  of  Ti  Kx  by 
Fe  Ka  in  an  alloy)  may  introduce  errors, 
which  may  be  corrected  by  means  of  stand- 
ard samples  of  known  composition  contain- 
ing the  same  elements. 

Though  this  technique  is  still  very  new, 
several  interesting  applications  have  been 
reported,  involving  analysis  in  situ  of  segre- 
gations or  precipitates  in  metals,  such  as 
carbides  in  iron  matrix,  and  variations  in 
composition  in  one  particular  carbide  to 
another  (impossible  by  chemical  analysis). 
Intermetallic  diffusion  was  one  of  the  first 
problems  studied  by  Castaing.4  The  probe 
detects  how  sharp  phase  boundaries  are  or, 
where  there  is  a  continuous  range  of  solid 
solutions,  the  extent  of  diffusion  as  a  function 
of  time  and  temperature,  and  hence  the  diffu- 
sion coefficient  as  in  the  Ti-Zr  system;  or 
the  greater  speed  of  diffusion  along  grain- 
boundaries  as  in  the  Zn-Ag  alloys.  A  very 
useful  analysis  is  that  of  depletion  of  one  or 
more  elements  in  a  matrix  ,near  a  surface 
undergoing  oxidation  or  corrosion,  as  in  18-8 
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stainless  steel  for  which  Cr  is  depleted  for  10 
microns  below  the  surface. 

Mineralogists  and  geologists  are  very 
much  intrigued  by  the  possibilities  of  the 
electron  probe,  not  only  in  analysis  of  segre- 
gation, but  also  in  trends  in  composition  of 
minerals  bedded  in  specific  directions.  Typi- 
cal of  these  possibilities  is  the  analysis  of 
minute  inclusions  (0.03  mm)  in  a  copper-iron 
mineral  (2).  These  grains  were  found  to 
contain  55  %  Fe  and  less  than  5  %  Cu  and 
corresponded  to  FeS;  hence  the  mineral  pre- 
viously called  vallerite  in  high  temperature 
copper  ores  is  distinct  from  a  Swedish  type. 
Biological  problems  are  now  being  solved 
with  the  electron  probe.  For  example  Birks1 
described  the  analysis  of  bone  for  calcium 
content  in  going  from  bone  (30%)  to  car- 
tilege  (0%),  occurring  chiefly  in  the  region 
between  bone  cells.  The  test  of  uniformity 
of  staining  of  biological  specimens  with  Os04 
or  phosphotungstic  acid  prior  to  electron 
microscopic  examination  of  cell  structure  is 
another  useful  service. 

In  the  words  of  Birks,  who  has  had  an  im- 
portant role  in  developing  the  electron  probe 
at  the  Naval  Research  Laboratory,  "it  ap- 
pears to  have  a  great  future  because  there 
are  few  techniques  that  can  detect  of  the 
order  of  lO^18  to  10~14  gram  of  an  element, 
or  can  perform  chemical  analyses  on  areas 
as  small  as  1  micron."  This  new  probe  has 
served  further  to  generate  interest  and  effort 
in  the  design  of  a  multiple-type  instrument 
utilizing  the  basic  electron  gun-magnetic 
lens  system  with  proper  rearrangement  of 
other  parts  for  (1)  electron  microscopy;  (2) 
electron  diffraction;  (3)  electron  probe  mi- 
croanalyzer;  (4)  projection  x-ray  micro- 
scope; (5)  micro  fluorescent  x-ray  spectral 
analyses;  (6)  micro  x-ray  diffraction.  Com- 
mercial apparatus  already  provides  some  of 
these  choices  with  the  same  basic  unit. 
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Development  of  X-Ray  Emission  Spec- 
troscopy 

Rontgen,  who  discovered  x-rays  on  No- 
vember 8,  1895,  in  his  experiments  with 
cathode  rays,  made  every  effort  to  produce  a 
spectrum  of  a  beam  of  x-rays,  assuming  that 
these  invisible  rays  belonged  in  the  same 
electromagnetic  spectrum  with  visible  light, 
ultraviolet,  infrared,  and  Hertzian  or  radio 
waves.  His  logical  experiments  designed  to 
disperse  a  beam  by  refraction  by  prisms  and 
diffraction  by  ruled  gratings  were  unsuccess- 
ful because  of  failure  to  recognize  that  the 
refractive  index  was  less  than  1  by  a  quantity 
of  the  order  of  0.000001  and  that  diffraction 
by  the  grating  required  that  the  beam  have 
an  exceedingly  small  grazing  angle  of  inci- 
dence. Thus  from  1895  to  1912  there  was 
no  method  of  x-ray  spectrometry  and  the 
nature  of  x-radiation  remained  mysterious. 
By  absorption  measurements  of  x-ray 
beams,  Barkla  in  1905  found  evidences  of 
discontinuities  in  such  properties,  as  if  un- 
der proper  conditions  of  excitation  the  en- 
ergy of  emission  was  distributed  in  groups 
instead  of  continuously.  As  a  matter  of  fact 
he  devised  the  nomenclature  used  to  this 
day,  namely,  K,  L,  M,  N,  0,  P  series  by 
analogy  with  series  in  the  optical  spectrum 
of  hydrogen.  But,  of  course,  these  absorp- 
tion measurements  did  not  permit  resolu- 
tion of  characteristic  spectral  emission  lines 
or  absorption  edges.  It  was  the  experiment 


in  1912  by  von  Laue  and  his  associates, 
Friedrich  and  Knipping,  proving  that  all 
crystals  are  three-dimensional  diffraction 
gratings  for  x-rays,  and  the  subsequent  der- 
ivation of  the  Bragg  law,  n\  =  2d  sin  0 
[where  n  is  an  integer,  the  order  of  the  spec- 
trum; X  is  the  wave  length  of  a  ray  reflected 
(or  diffracted)  by  a  set  of  planes  in  a  crystal 
of  spacing  d,  at  an  angle  of  incidence,  0], 
which  opened  the  way  for  the  construction 
of  a  crystal  spectrometer. 

It  was  put  to  use  by  the  Braggs,  Moseley, 
Siegbahn,  and  many  others,  to  resolve  x-ray 
beams  into  spectra  with  emission  lines  char- 
acteristic of  the  chemical  element  serving  as 
the  target  in  the  x-ray  tube.  Of  course  the 
von  Laue  experiment  proved  the  electro- 
magnetic nature  of  x-rays,  even  though  it 
was  not  until  after  1920  that  refraction  by 
prisms  and  diffraction  by  ruled  gratings  were 
successfully  proved.  The  Bragg  ionization 
spectrometer  consisted  of  a  central  movable 
table  upon  which  the  crystal  analyzer  could 
be  rotated  to  vary  the  angle  of  incidence  6 
read  on  a  scale,  and  an  ionization  chamber 
which  could  be  mounted  on  a  rotating  arm, 
the  position  of  which  could  also  be  read  on 
a  scale.  It  was  soon  clearly  understood  that 
when  a  target  was  bombarded  by  a  stream 
of  electrons  in  an  evacuated  bulb,  the  elec- 
trons were  stopped  by  the  target  atoms  and 
their  kinetic  energy  transformed,  by  a  process 
involving  the  inner  electrons  in  the  atoms, 
into  x-radiation. 

Further,  it  was  apparent  that  at  all  volt- 
ages on  the  x-ray  tube  x-rays  were  generated 
which  had  a  continuous,  or  "white,"  spec- 
trum, independent  of  the  atomic  number  of 
the  target  but  that  above  certain  critical 
voltages  radiation  was  generated  which  gave 
sharp  lines  (or  peaks  on  the  spectra  plotted 
from  spectrometer  readings),  in  series  al- 
ready designated  by  Barkla,  with  the  letters 
K  (for  groups  of  four  principal  lines  with  the 
shortest  wave  lengths  generated  at  the  high- 
est critical  voltage),  L,  the  next  longer  group 
of  about  20  lines,  and  the  still  longer  M,  N, 
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0,  and  P  series.  These  were  emission  lines 
and  series,  characteristic  of  the  chemical  ele- 
ments in   the   continuous   progression   of 
atomic  numbers  whose  significance  for  the 
first  time  was  proved  by  Moseley  with  a 
Bragg  spectrometer.  So  began  the  accurate 
measurement  of  the  wave  lengths  of  these 
x-ray  lines  (and  associated  characteristic  ab- 
sorption edges)  as  a  means  of  spectrometric 
identification  of  any  unknown  sample  there- 
after which  could  be  pasted  on  a  target  and 
bombarded  with  electrons  in  the  x-ray  tube.18 
The   values   of  these  characteristic  wave 
lengths  of  K  and  L  series  lines  for  almost  all 
the   chemical  elements   are  tabulated  in 
readily  available  handbooks. 

There  were  immediate  advantages  of  x-ray 
in  comparison  with  optical  spectra:  (1)  the 
far  greater  simplicity  such  as  four  (two  are 
close  doublets)  principal  K  lines  for  iron,  in 
comparison  with  hundreds  of  lines  in  the  arc 
or  spark  spectrum;  (2)  the  identical  appear- 
ances of  the  series  for  all  elements  except  the 
lightest,  and  the  continuous  and  systematic 
variation  of  wave  lengths  with  atomic  num- 
ber instead  of  a  periodic  relationship  as  for 
optical  spectra.  X-ray  spectra  and  the  Mose- 
ley law  became  the  basis  for  proof  of  dis- 
covery of  new  chemical  elements  and  for  the 
derivation  first  of  the  Bohr  theory  and  then 
of  the  modern  vector  model  theory  of  the 
structure  of  atoms  from  hydrogen,  number 

1,  up  to  element  102. 

The  analytical  chemist,  of  course,  had  at 
his  command  a  new  and  powerful  method  of 
qualitative  and  quantitative  analysis,  sup- 
plementing or  superseding  optical  spectrog- 
raphy.  However,  there  were  inherent  short- 
comings which  militated  against  widespread 
adoption  and  use  in  analytical  laboratories; 
these  shortcomings  resided  chiefly  in  the 
difficulties  of  preparing  a  target  material 
from  the  unknown  in  a  demountable  tube, 
of  providing  a  reliable  source  of  electrons 
from  a  cold  or  hot  cathode,  and  of  labori- 
ously pumping  the  tubes  to  requisite  high 
vacua.  Physicists  were  willing  to  undergo 
such  difficulties  in  order  to  measure  wave 
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lengths  and  derive  theories  of  atomic  struc- 
tures, but  chemists,  except  in  rare  instances, 
were  unwilling  to  install  and  use  such  equip- 
ment when  other  less  troublesome  analytical 
methods  were  available. 

Fluorescent  X-Ray  Spectrometry  and 
Its  Early  Difficulties 

Soon  after  the  first  primary  spectra  of 
beams  excited  by  electrons  in  an  x-ray  tube 
were  observed  with  the  spectrometer,  it  was 
found   that   secondary   fluorescent    x-rays 
were  excited  in  any  material  irradiated  with 
beams  of  primary  x-rays  and  that  the  spectra 
of  these  fluorescent  x-rays  were  identical  in 
wave  lengths  and  relative  intensities  with 
those  excited  when  the  specimen  is  bom- 
barded with  electrons.  Hence  the  characteris- 
tic emission  spectrum  is  generated  either  by 
electron  or  x-ray  photon  excitation.  The  ad- 
vantage was  obvious  of  being  able  to  irradi- 
ate any  sample  as  a  massive  solid,  powder, 
or  liquid  with  a  permanent  sealed-off  source 
of  primary  x-rays  and  then  to  analyze  the 
fluorescent  beam  with  the  crystal  spectrom- 
eter. Beginning  in  1923,  Hevesy,  Coster, 
and  others  investigated  in  detail  the  possi- 
bilities of  fluorescent  x-ray  spectroscopy  as  a 
means  of  qualitative  and  quantitative  analy- 
sis, and  Hevesy's  book  still  remains  a  clas- 
sic.29 However,  there  was  one  apparently  in- 
superable obstacle  in  the  way  of  analytical 
usage — the  extremely  low  intensity  of  the 
fluorescent  rays,  which  made  photographic 
exposures  prohibitively  long  and  fell  below 
or  at  the  very  limit  of  sensitivity  of  the 
ionization  chamber.  The  latter  provides  no 
amplification  of  ionization  current  resulting 
from  ionization  of  gas  molecules  in  the  cham- 
ber. Thus  for  forty  years  analysis  by  fluo- 
rescent x-ray  spectrometry  was  known  as  a 
potentially  powerful  but  practically  useless 
method. 

The  relative  inefficiency  of  the  fluorescence 
mechanism  under  the  best  conditions  with 
the  most  modern  high-intensity  x-ray  tubes 
with  beryllium  windows  as  primary  source 
is  such  that  the  intensity  of  fluorescent  radia- 
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tion  from  a  copper  radiator  as  a  function  of 
the  voltage  on  a  tungsten-target  tube  supply- 
ing primary  rays  is  about  0.0 1  that  of  the 
tungsten  rays,  measured  respectively  at  5 
cm  from  the  radiator  and  20  cm  from  the 
target.  Today  this  secondary  radiation  is 
sufficiently  intense  for  many  applications 
such  as  microradiography;  but  for  spectro- 
scopic  purposes  must  be  added  the  fact  that 
only  a  very  small  fraction  of  the  total  energy 
impinging  upon  the  crystal  in  the  spectrom- 
eter is  diffracted  and  appears  in  the  spec- 
trum. 

Improvements  in  Techniques  and  In- 
strumentation 

X-Ray  Tubes*  In  the  face  of  such  a  dis- 
couraging prospect,  three  nearly  simultane- 
ous pathways  of  improvement  were,  and 
still  are  being,  followed:  (1)  more  intense 
primary  x-rays,  (2)  more  sensitive  detectors, 
and  (3)  greatly  improved  optics  of  the  spec- 
trometer in  terms  of  focusing  crystals,  mul- 
tiple collimation  slits  or  pinholes,  and  vac- 
uum or  helium  tunnels  for  the  rays  from 
crystal  to  detector.  The  convergence  of 
these  developments  in  equipment  and  tech- 
niques has  resulted  in  a  success  beyond  all 
expectations,  with  the  end  not  in  sight. 

The  first  of  these  contributing  factors  was 
the  design  and  construction  of  x-ray  tubes 
with  beryllium-foil  windows,  such  as  the 
Machlett  AEG-50  (operating  in  air)  and 
OEG-50  (oil-immersed)  tubes,  which  pro- 
duce primary  x-rays  of  intensity  measured 
in  millions  of  roentgens  instead  of  the  tens 
from  earlier  tubes.  Consequently  the  inten- 
sity of  excited  fluorescent  rays  is  amplified 
in  proportion. 

Detectors.  The  second  factor  was  the 
perfection  of  the  now  familiar  devices  for 
detecting  and  measuring  intensity  of  ioniz- 
ing radiations,  namely  Geiger,  proportional, 
and  scintillation  counters,  all  made  possible 
by  the  great  upsurge  in  electronics.  Suffice 
it  to  say  that  ionization  chambers,  propor- 
tional and  Geiger-counter  tubes,  consisting 
of  a  wire  anode  and  sheet-metal  cathode  en- 


closed in  a  glass  envelope  containing  gas, 
differ  essentially  in  the  voltage  across  the 
electrodes.  In  the  ionization  chamber,  which 
along  with  photographic  blackening  had  to 
serve  as  detector  and  dosimeter  of  x-rays 
for  thirty-five  years,  this  voltage  is  low  and 
the  amplification  factor  is  1,  that  is,  a  1:1 
ratio  of  gas  ions  to  x-ray  photons.  When  used 
on  the  Bragg  spectrometer,  the  ionization 
chamber  was  insufficiently  sensitive  for  fluo- 
rescent spectral  analysis.  Over  a  range  of  a 
few  hundred  volts,  the  proportional  counter 
operates  by  means  of  ionization  avalanches, 
which  may  mean  an  amplification  ratio 
of  106. 

At  a  sufficiently  high  voltage  (usually  1100 
to  1200  volts)  the  1:1  correspondence  be- 
tween avalanches  and  primary  ionization 
gives  way  to  a  new  process,  the  excitation 
of  short-wave  length  ultraviolet  light  which 
travels  throughout  the  entire  volume  of  gas 
and  permits  gas  gains  of  1010  in  the  Geiger 
counter.  It  combines  high-quantum  effi- 
ciency, simple  construction,  large  signal 
amplitude,  excellent  stability,  and  very  low 
background.  It  is  limited  to  maximum  count- 
ing rates  of  the  order  of  several  thousand  per 
second.  The  proportional  counter  is  capable 
of  responding  to  very  high  counting  rates, 
but  this  is  accomplished  at  a  great  sacrifice 
of  internal  gains,  thus  high  external  pulse 
amplification  is  necessary. 

In  combination  with  a  pulse  amplitude 
analyzer*  that  discriminates  between  the 
characteristic  radiation  and  the  background 

*  Pulses  are  all  amplified  to  a  usable  value  with 
the  same  relative  distribution  of  amplitudes.  Then 
a  minimum  amplitude  is  selected  and  an  electronic 
circuit  (discriminator)  is  set  so  that  amplitudes 
below  this  will  not  pass.  Next  a  maximum  ampli- 
tude is  selected  and  a  second  electonic  circuit  is 
set  to  pass  only  amplitudes  of  this  value  or  greater. 
Thus  in  operation  a  pulse  below  the  minimum  will 
not  pass  the  first  circuit  and  will  be  lost;  one  be- 
tween the  minimum  and  maximum  amplitudes  will 
pass  the  first  circuit  to  the  recorder;  if  above  the 
maximum,  it  will  pass  both  first  and  second  cir- 
cuits, generating  2  simultaneous  pulses  which  are 
cancelled  by  anticoincidence  and  do  not  reach  the 
recorder. 
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radiation  resulting  from  scattering  and  high 
order  Bragg  reflection,  it  provides  resolution 
sufficient  to  separate  the  Ka  lines  of  neigh- 
boring elements  in  some  cases,  and  those 
separated  by  2  or  3  atomic  numbers  in 
others,  and  to  register  spectra  from  very 
small  quantities  of  an  element.  The  scintilla- 
tion counter  (employing  alkali  halide  crys- 
tals containing  thallium  ions,  or  organic 
crystals  such  as  anthracene,  or  even  solutions 
such  as  terphenyl  in  xylene,  together  with 
multiplier  phototubes  to  evaluate  intensity 
of  the  light  scintillations)  is  comparable  to 
the  Geiger  counter  in  signal  output  and  to 
the  proportional  counter  in  ability  to  count 
at  a  high  rate.  The  signal-to-noise  ratio  is 
compared  with  that  of  the  Geiger  counter 
for  soft  x-rays,  but  much  superior  to  both 
types  of  gas-filled  tubes  for  hard  x-rays.  The 
scintillation  counter  provides  spectral  resolu- 
tions by  means  of  pulse  amplitude  discrimi- 
nation which  is  still  perhaps  a  little  inferior 
to  that  of  the  proportional  counter  but  it  is 
sensitive  over  the  widest  wave  length  range. 
The  flowing  proportional  counter  with  a 
window  so  thin  that  gas  must  be  kept  flow- 
ing continuously  through  the  tube,  is  su- 
perior for  very  long  wave  lengths. 

The  Design  of  Fluorescent  X-Ray 
Spectrometers  for  Quantitative  Analy- 
sis* For  quantitative  analysis,  the  accuracy 


of  a  determination  depends  on  the  square 
root  of  the  total  number  of  counts  meas- 
ured89'40; for  a  standard  deviation  of  1% 
it  is  necessary  to  take  10,000  counts.  It  is 
obviously  desirable  to  obtain  these  counts 
in  the  shortest  time  possible  and  therefore 
the  optimum  analyzing  system  is  one  de- 
signed to  give  the  greatest  x-ray  intensity 
without  sacrificing  necessary  resolution.  The 
intensity  is  controlled  by  the  exciting  radia- 
tion, the  geometric  arrangement,  the  size 
and  diffracting  power  of  the  analyzing  crys- 
tal, and  the  efficiency  of  the  counter  com- 
ponents. The  resolution  is  controlled  by  the 
perfection  of  the  analyzing  crystal  and  by 
the  divergence  allowed  by  slits  or  collima- 
tors  defining  the  x-ray  beam.  This  intensive 
study  of  the  optics  of  the  spectrometer  is 
the  third  of  the  details  of  instrumentation 
which  have  contributed  to  the  success  of 
this  method. 

As  an  example  the  study  by  Birks,  Brooks, 
and  Friedman8*'  9  may  be  cited  of  reflec- 
tion from  a  flat  crystal,  transmission  through 
a  curved  crystal,  reflection  from  a  curved 
crystal,  and  double-crystal  reflection. 

Figure  1  illustrates  diagrammatically  the 
first  of  these  methods.  Primary  radiation 
from  the  x-ray  tube  strikes  the  specimen, 
which  may  be  in  the  form  of  a  solid,  a  pow- 
der, or  a  liquid.  The  fluorescent  radiation 
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FIG.  1.  Diagram  of  one  type  of  x-ray  fluorescence  spectrometer. 
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emerging  in  all  directions  is  collimated  into  a 
parallel  beam  of  polychromatic  radiation 
which  strikes  the  analyzing  crystal  and  is 
spread  out  into  a  spectrum  in  accordance 
with  the  Bragg  law.  The  entire  matter  of 
the  optical  geometry  of  spectrometers  is 
covered  in  the  new  book  by  Birks,6*  and  in 
the  companion  article  by  Birks  in  this  En- 
cyclopedia. 

The  Choice  of  Crystal  Analyzers. 
Many  crystals  have  been  tried  as  analyzers, 
especially  for  the  flat  crystal  technique.  So- 
dium chloride  is  most  frequently  used  though 
lithium  fluoride  and  aluminum  give  some- 
what greater  intensities;  curved  aluminum 
crystals  have  been  successfully  used  instead  of 
mica.  The  primary  concern  is  with  the  range 
of  wave  lengths  to  be  measured.  No  partic- 
ular complications  are  involved  in  elements 
titanium  (atomic  number  22)  to  uranium 
(atomic  number  92)  since  the  characteristic 
rays  may  have  air  paths  without  serious  ab- 
sorption. In  the  range  magnesium  (atomic 
number  12),  which  has  a  Ka  wave  length  of 
9.889  A  to  titanium22  with  a  Kai  wave  length 
of  2.7481  A,  the  vacuum-  or  helium-tunnel 
spectrometer  must  be  employed  together 
with  special  precautions  in  collimation,  fo- 
cusing, thinner  windows  for  Geiger  tubes, 
sample  preparations,  and  choice  of  analyz- 
ing crystal.  For  magnesium,12  aluminum,18 
and  silicon14  gypsum  has  given  greatest  in- 
tensity, and  for  phosphorus15  to  titanium22 
potassium  iodide  and  potassium  chloride 
crystals  give  appreciably  better  intensity. 
From  the  Bragg  law  it  is  evident  that  the 
maximum  wave  length  that  may  be  diffracted 
is  2d;  hence  crystals  of  greater  d  spacing  the 
lower  the  atomic  number  are  required.  The 
most  suitable  crystal  at  present  for  alumi- 
num to  phosphorus  is  ethylenediamine  d- 
tartrate  (2d  =  8.76  A.) 

Differential  Analyses  at  Controlled 
Voltages.  Even  with  the  relative  simplicity 
of  x-ray  spectra  some  complications  still  re- 
main in  overlapping  lines,  effects  of  charac- 
teristic absorption  edges  where  several  ele- 


ments may  be  present  in  the  sample  such 
that  one  fluorescent  ray  will  excite  another 
and  thus  lead  to  difficulties  in  quantitative 
analysis.  In  order  to  excite  fluorescent  radia- 
tion, for  example  the  K  series,  it  is  necessary 
for  the  primary  beam  to  be  generated  at  or 
above  a  critical  voltage  V  defined  by  V  = 
/fcc/eXKabi  where  XK»b8  &  the  wave  length  of 
the  K  absorption  edge  of  the  fluorescent  ele- 
ment and  A,  c,  and  e  are  the  usual  constants, 
or  V  =  12400/XKab. .  It  is  obvious  that  by 
careful  control  of  V  for  the  primary  beam 
the  K  or  L  series  lines  of  elements  in  a  mix- 
ture can  be  generated  separately  or  in  groups 
at  will  and  thus  can  produce  improved  step- 
wise  resolution  and  simplification  of  inter- 
pretation. 

Quantitative  Analyses  From  Line  In- 
tensities and  Intensity  Ratios  With 
Internal  Standards 

For  quantitative  analysis  of  mixtures  by 
fluorescent  x-ray  spectrometry  it  is  obvious 
that  the  relationship  between  intensity, 
measured  photographically  or  with  a 
counter,  and  amount  of  element  sought  must 
be  established.  As  is  familiar  practice  in  op- 
tical spectrography  the  usual  procedure  is  to 
set  up  calibration  curves  for  intensity  versus 
amount  of  element  present  from  known 
standards.  In  most  cases  the  ratio  of  the  in- 
tensity of  a  characteristic  line  (such  as  Ka) 
for  the  element  being  analyzed  to  that  of  a 
line  in  the  same  range  of  wave  lengths  for  a 
known  element  serving  as  an  internal  stand- 
ard is  plotted  as  a  function  of  composition 
from  standard  homogeneous  samples  of 
known  composition.  For  example,  Clark  and 
Terford17  prepared  a  calibration  curve  for 
analysis  of  iron  in  dusts  from  known  mix- 
tures of  iron  and  nickel  and  plotted  the  ra- 
tios I(FeKa)/I(NiKa)  against  percentage  of 
iron.  Techniques  and  examples  are  fully  dis- 
cussed in  the  companion  article  by  Wittig 
and  in  the  book  by  Birks.6* 

Recently  a  great  deal  of  attention  has  been 
directed  to  the  complications  of  interelement 
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and  matrix  effects  in  binary  and  multicom- 
ponent  systems  both  experimentally  and 
theoretically  as  it  affects  departures  from 
linear  relationships  of  intensities  or  intensity 
ratios  to  percentage  composition.  A  fluores- 
cent intensity  I/  value  can  be  expressed  as 
If  =  p(d ,  m ,  \i ,  X/),  or  a  function  F 
(which  of  course  involves  instrumental  ge- 
ometry, detector  sensitivity  and  other  vari- 
ables which  are  fairly  constant  in  a  given 
spectrometer)  of  the  concentrations  of  all 
the  elements  in  the  sample.  C»,  the  mass 
absorption  coefficients  of  these  elements,  v, 
and  the  wave  lengths  of  the  incident,  X» 
(whether  monochromatic  or  polychromatic) 
and  the  measured  fluorescent  beams,  X/ . 

Sherman81  first  derived  rigorous  equations 
which  have  been  adapted  and  modified  by 
other  workers11  from  which  curves  could  be 
constructed  for  the  matrix  effect  of  elements 
of  various  atomic  numbers,  and  these  curves 
then  compared  with  experimental  calibra- 
tion curves  for  known  mixtures.  In  this  way 
Hunt81  has  made  analyses  of  lignite  ores  for 
uranium,  thorium  and  molybdenum  in 
matrices  of  iron,  calcium,  and  magnesium. 
Using  probability  theory  and  the  theory  of 
errors  precision  in  x-ray  emission  spectrog- 
raphy  can  be  controlled  even  with  significant 
background.54  A  very  significant  approach  to 
the  matrix  problem  is  found  in  the  compan- 
ion article  by  Mitchell. 

A  matrix  dilution  technique,  in  which  a 
sample  is  blended  with  cornstarch  and 
LiCOs,  is  in  effective  industrial  use.25  Co- 
herent and  Compton  scattering  of  primary 
x-rays  which  produce  background  are  of 
special  importance  in  low  atomic  number 
elements82;  but  actually  the  scattering  radia- 
tion may  be  used  as  an  internal  standard  in 
quantitative  analysis  from  intensities  of 
characteristic  spectrum  lines.2  Another  solu- 
tion of  the  matrix  problem  recently  sug- 
gested is  to  extrapolate  fluorescent-intensity 
ratios  in  binary  systems  to  zero  sample 
thickness.28  Filter  papers  are  impregnated 
with  a  solution  of  the  sample  and  dried; 

752 


measurements  are  made  with  1,  2,  3  and 
more  layers,  the  intensities  of  a  given  spec- 
trum line  then  being  plotted  against  the 
number  of  layers  and  extrapolated  to  zero. 

Multichannel  Recording 

One  of  the  greatest  aids  to  improved  speed 
and  accuracy  in  optical  spectroscopy  was  the 
development  by  Applied  Research  Labora- 
tories, Glendale,  Cal.  of  the  Quantometer, 
or  multichannel  recording,  which  involves 
the  ratio  system  of  unknown  to  known  stand- 
ards and  thus  simultaneous  analysis  of  as 
many  as  20  elements.  It  was  quite  logical  to 
extend  the  same  techniques  to  fluorescent 
x-ray  analysis  by  means  of  counter  tubes. 
Actually  two  systems  are  involved:  the  dis- 
persive multichannel  utilizing  a  number  of 
crystal  analyzers  set  at  correct  Bragg  angles 
for  the  Ka  or  La  lines  of  several  elements  in 
the  specimen  (the  same  result  is  accom- 
plished with  a  single  spectrometer  which 
moves  automatically  from  one  fixed  position 
to  another);  and  the  nondispersive,  utilizing 
filters.27  The  latter  may  be  illustrated  by  the 
analysis  of  an  aluminum  alloy  containing 
zinc,  copper,  and  magnesium.  The  nondis- 
persive analyzer  is  set  up  for  analysis  of 
zinc  and  copper.  A  filter  of  0.0045-in.  copper 
sheet  was  used  in  the  zinc  channel  (to  a 
Geiger  counter)  to  absorb  radiation  shorter 
than  1.4  -A,  but  transmitting  copper  and 
zinc  K-radiation.  A  filter  of  0.0030-in.  nickel 
sheet  is  used  in  the  copper  channel  to  absorb 
the  zinc  K-radiation.  A  third  channel  has 
an  external  standard  and  a  0.0030-in.  cop- 
per filter.  Working  curves  were  made  from 
alloy  with  varying  copper  and  fixed  zinc 
and  with  varying  zinc  and  fixed  copper.  Two 
channel  ratios  are  recorded  and  each  cor- 
rected by  an  amount  depending  on  the  read- 
ing on  the  other. 

Applications 

According  to  Birks,6*  there  are  12  groups 
of  applications  depending  upon  physical 
state  of  the  specimen,  wave  length  range  of 
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x-rays,  and  the  concentrations  of  elements: 
(1)  alloys;  (2)  minerals  and  ores;  (3)  pow- 
ders; (4)  glass  and  ceramics;  (5)  liquids; 
(6)  plating;  (7)  inhomogeneous  specimens; 
(8)  low  concentrations;  (9)  limited  total 
quantity;  (10)  light  elements;  (11)  dynamic 
systems;  (12)  continuous  process  control. 

Major  Constituents 

Alloys.  In  the  analysis  for  elements  pres- 
ent in  amount  from  several  per  cent  up  to 
100  per  cent,  fluorescence  analysis  has  the 
greatest  advantage  over  optical  spectro- 
graphic  analysis.  Values  correct  to  a  fraction 
of  1%  for  counting  times  less  than  1  min. 
are  commonly  obtained  in  spite  of  some  of 
the  complications  of  calibration.  Analyses 
are  made  on  solids,  many  in  solutions  or  ex- 
tracted residues.  Invariably  the  fluorescent 
method  is  more  rapid,  more  accurate,  and 
more  economical  in  terms  of  man-hours  than 
spectrochemical  or  wet-chemical  methods. 
Among  these  are  routine  analyses  of  high- 
temperature  steels  for  uranium,  chromium, 
cobalt,  iron,  molybdenum,  and  nickel.  Sev- 
eral practical  metallurgical  applications  in 
the  research  laboratories  of  one  of  the  large 
steel  companies  are  reported  by  Koh  and 
Caugherty.87  Some  of  the  most  recent  ex- 
amples of  alloy  analyses  may  be  found  in 
references  38,  52,  30,  34,  3  ("Zircalon"). 
This  field  is  ably  covered  in  the  companion 
article  by  Wittig,  p.  726, 

Analysis  of  Surface  Films.  In  view  of 
the  fact  that  the  Trnmmnm  effective  thickness 
of  a  metallic  element  to  produce  maximum 
fluorescent  yield  is  very  low,  the  analysis  is 
an  excellent  means  of  observing  chemical 
change  on  or  near  the  surface,  thus  sup- 
plementing the  electron  diffraction  method.50 
This  has  been  applied  to  the  study  of  oxide 
films  formed  on  alloys  at  elevated  tempera- 
tures. Thus  in  iron-chromium  alloys  there 
is  an  improverished  chromium  content  in 
layers  next  to  the  oxide-film  boundary,  then 
a  chromium-rich  layer  next  to  the  unoxidized 
metal.  For  substitutional  solid  solutions  dif- 


fraction patterns  alone  may  be  insufficient 
for  identification  since  crystal  spacings  may 
not  be  changed;  the  fluorescence  analysis, 
of  course,  will  detect  all  elements  present. 
For  example,  a  bromine  extract  from  type- 
347  stainless  steel  gave  a  diffraction  pattern 
only  for  columbium  carbide;  the  fluorescence 
spectrum  showed  chromium,  iron,  nickel, 
tungsten,  and  bromine  besides  columbium.87 

Minerals.  The  fluorescent  x-ray  spec- 
trometer is  being  widely  used  by  the  Bureau 
of  Mines  and  many  other  laboratories  for 
analyzing  a  variety  of  minerals  and  ores 
ranging  from  high-purity  minerals  to  low- 
grade  ores,  including  mineral-dressing  prod- 
ucts obtained  in  the  beneficiation  of  such 
ores.  Examples  are  selenium  in  pyrite  (bro- 
mine forms  a  good  standard  for  selenium 
and  vice  versa)  and  sulfur  and  thorium  in 
monazite;  perhaps  most  exhaustively  studied 
are  the  analyses  of  hafnium-zirconium  and 
niobium-tantalum  systems  in  ores,8*  "•  18»  45 
for  which  chemical  analyses  are  extremely 
difficult,  requiring  from  5  to  15  days.  Ex- 
amples from  the  field  of  ceramics  are  given 
by  Patrick47;  and  barite  by  Gulbranson.24  Re- 
cent examples,  all  published  in  Analytical 
Chemistry,  illustrate  the  wide  range  of  min- 
erals, ores  and  manufactured  inorganic 
products  which  are  successfully,  rapidly  and 
economically  analyzed  by  x-ray  emission 
spectrometry:  strontium42;  cesium  and  ru- 
bidium4; uranium  and  thorium  (frequently 
reported  in  trace  amounts)1' 49;  yttrium  and 
other  rare  earths28' a;  tungsten  and  molyb- 
denum22; tantalum,  niobium,  iron  and  ti- 
tanium oxide  mixtures44;  four  major  phases 
of  Portland  cement18;  aluminum,  silicon  and 
iron  in  flotation  products  of  clays  and  baux- 
ites.88 

Powders  (pigments,  abrasives,  dusts). 
While  the  analysis  by  means  of  x-ray  diffrac- 
tion of  mining  and  f oundary  dusts  for  crys- 
talline a-quartz,  which  is  responsible  for  the 
serious  pathological  lung  condition  silicosis, 
has  been  in  successful  use  for  several  years, 
nothing  has  been  done  to  devise  a  method  of 
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analysis  of  such  dusts  for  iron,  which  may 
be  responsible  for  the  lung  condition  known 
as  siderosis,  supposedly  benign  but  actually 
capable  of  developing  into  nodules  and  simu- 
lating the  appearance  of  silicosis  in  diagnos- 
tic lung  radiographs.  Since  the  iron  in  dusts 
is  not  indicated  in  diffraction  patterns  owing 
to  amorphous  conditions,  it  has  been  neces- 
sary to  resort  to  very  laborious  and  inaccu- 
rate chemical  analyses.  Clark  and  Terford17 
found  the  fluorescent  spectral  analyses  re- 
markably successful  in  the  analyses  of  dusts 
from  all  parts  of  a  large  steel  foundry.  With 
the  same  samples  the  same  basic  Geiger  unit 
was  used  as  a  diffractometer  to  determine 
quartz  quantitatively  by  diffraction  and  as  a 
spectrometer  to  determine  iron.  Powdered 
nickel  served  satisfactorily  as  an  internal 
standard  for  both.  A  strictly  linear  working 
calibration  curve  of  Ipexa/lNixa  against  per- 
centage of  iron  holds  up  to  the  maximum 
amount  of  iron  found  in  any  dust,  about 
30%.  For  a  large  number  of  dusts  collected 
in  various  areas  the  amounts  of  silica  and  of 
iron  vary  inversely. 

Minor  Constituents 

As  the  amount  of  a  constituent  undergoing 
analysis  decreases  it  is  evident  that  for  main- 
taining accuracy  the  counting  times  must  be 
increased.  Under  these  conditions  linear  cali- 
bration curves  can  usually  be  obtained  and 
a  wide  range  of  useful  analyses  made  with 
potential  applications  to  many  chemical, 
medical,  biological  and  industrial  problems. 
Some  reported  analyses  are: 

Iron  in  the  hemoglobin  of  blood  (average 
12  mg/100  ml),  compared  with  the  usual 
color  match  of  a  diluted  blood  sample  with 
color  standards.  The  accuracy  is '±5%, 
which  is  improved  by  the  use  of  samples 
larger  than  0.3  ml.7  Urinalysis  is  another 
application. 

Analyses  in  the  Petroleum  Industry. 
Lead  and  bromine  in  gasoline10  are  simul- 
taneously determined  with  liquid  samples. 
The  La  line  of  lead  at  1.17  A  and  the  Ka  line 
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of  bromine  (present  in  ethyl  fluid  as  ethylene 
dibromide)  are  used.  Geiger  counts  of  1  min 
on  the  peak  of  the  lead  line  gave  a  probable 
error  of  =b0.06  ml/gal,  in  a  content  of  4  ml 
of  tetraethyllead/gal.  of  gasoline,  and  for 
bromine  ±0.16  ml/gal,  in  1.8  ml  of  ethylene 
dibromide/gal.  of  gasoline,  and  for  bromine 
±0.16  ml/gal,  in  1.8  ml  of  ethylene  dibro- 
mide/gal. of  gasoline.  This  analysis  is  particu- 
larly interesting  since  it  has  been  compared 
most  favorably  with  chemical  methods,  po- 
larography,andx-ray  absorption  photometry. 
Fluorescence  analysis  has  the  great  advantage 
that  variation  in  the  gasoline  base  stock  of 
presence  of  additives  such  as  chlorine  have 
negligible  effects.  The  method  has  been  fur- 
ther critically  studied  as  to  the  matrix  effect 
and  improved  so  that  an  average  error  of 
±0.026  ml/gal,  is  achieved  in  times  as  short 
as  5  min.  per  sample.88 

With  the  advent  of  new  anti-knock  agents 
for  gasoline  and  additives  for  lubricating 
oils  the  petroleum  industry  relies  heavily 
upon  fluorescence  analysis,  not  only  for  ethyl 
fluid  but  also  for  metallo-organic  compounds 
containing  nickel,20  manganese,88  and  others. 
As  a  matter  of  fact  briquetted  organo-metal- 
lic  precipitates  are  the  basis  of  a  powerful 
general  method  of  analysis.21  Sulfur  in  oil  is 
a  similar  analysis  which  can  be  made  equally 
well  by  x-ray  fluorescence  emission  analysis 
(a  vacuum  or  helium  path  is  needed  for  ele- 
ment 16)  and  by  x-ray  absorption,  especially 
from  a  Fe55  K-capture  source19;  the  former 
is  freer  from  interference,  the  latter  is  less 
costly.  Vanadium,  iron  and  nickel  in  traces 
are  directly  obtained  in  4  ml.  samples  of  oil 
without  ashing  or  concentrating  to  ±1  ppm 
in  an  outstanding  1960  contribution.88  The 
assay  of  platinum  in  aluminum  base  reform- 
ing catalyst  is  done  very  rapidly  with  an 
accuracy  comparing  favorably  with  spectro- 
photometric  results.41 

As  an  illustration  of  other  analyses  may 
be  cited  the  Bureau  of  Mines  analyses  of 
germanium  in  coal  and  coal  ash  (100  per 
day)14;  iodide  in  photographic  processing 
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solutions  at  the  Eastern  Kodak  Co.46;  nickel 
flashings  on  porcelain  enamels  (0.015  to  0.070 
mg/sq  ft  easily  determined).47 

Microanalyses 

It  has  been  a  matter  of  interest  to  discover 
how  well  fluorescent  x-ray  spectral  analyses 
can  compete  with  optical  spectroscopy  in  de- 
tecting trace  amounts  of  elements.  By  a 
technique  resembling  that  of  the  familiar 
spot  test,  it  was  shown  that  15.6  counts/sec 
above  background  of  ZnKa  radiation  per 
microgram  on  filter  paper  could  be  measured. 
A  counting  time  of  only  2  min.  is  required  to 
detect  Ho  Mg  of  zinc.  Absorption  effects  are 
eliminated  in  such  thin  samples  since  1  jug  of 
zinc  spread  over  1  sq  cm  is  only  3  atoms,  or  10 
A,  thick.  The  same  technique  is  successfully 
used  for  determinations  of  microquantities 
of  vanadium,  copper,  iron,  silver,  bromine, 
gold,  and  lead.  Exceptionally  promising  is 
the  microanalysis  of  thin  sections  of  biolog- 
ical tissue.28  By  means  of  comparison  between 
the  intensity  of  a  given  spectral  line  from 
the  specimens  and  the  intensity  of  the  same 
line  from  a  fflmilflr  specimen  with  a  known 
quantity  of  element  per  unit  of  surface, 
the  unknown  is  evaluated.  Distinct  zinc  peaks 
were  produced  with  only  0.2?  of  zinc  in  the 
area  of  a  thin  microtome  section  of  pancreas 
200  M  thick  and  a  similar  amount  of  iron  in  a 
spleen  section  80  M  thick. 

Traces  of  vanadium,  iron  and  nickel  in 
liquid  oil  are  determined  down  to  several 
ppm  as  noted  above.85  Palladium,  platinum, 
rhodium  and  indium  are  rapidly  determined 
in  solutions  with  sensitivities  of  detections 
of  0.10,  0.20,  0.14  and  0.02  mg/ml,  respec- 
tively. Microgram  quantities  of  K  ions  lib- 
erated by  ground  mica  are  extracted  on  ion 
exchange  membranes  and  the  analysis  run 
on  a  small  rectangle.55  Thus  with  improve- 
ment of  sensitivity  of  detectors  and  pulse 
amplitude  discrimination  to  clearly  differen- 
tiate faint  spectrum  lines  from  background 
fluorescent  emission  spectroscopy  has 
reached  the  stage  of  detecting  traces  in  parts 


per  million  where  up  to  1957  it  was  only 
parts  per  10,000. 

Measurement  of  Plating  Thickness 

Fluorescent  x-ray  spectroscopy  has  found 
one  of  its  best  practical  applications  in  the 
determination  of  plating  thickness.  Where, 
for  example,  silver-plated  copper  is  excited, 
the  fluorescent  copper  rays  could  be  partly 
absorbed  by  the  silver  plating.  A  measure- 
ment of  this  reduction  in  intensity,  or  of  the 
AgKa  intensity,  leads  to  a  direct  measure- 
ment of  thickness.  Calibration  curves  may  be 
calculated  directly  from  known  absorption 
coefficients  for  single  plating  layers.  Families 
of  curves  may  be  found  for  double  or  more 
plating  layers.  The  application  of  this  tech- 
nique to  tin  plating  on  steel  has  been  adopted 
by  the  industry  recently  and  is  in  perhaps 
the  largest  scale  use  of  any  of  the  applica- 
tions.6*48 

Dynamic  Systems8* 

Representative  of  the  rapid  progress  in 
fluorescence  spectrometric  analysis  is  the 
evaluation  of  variation  in  composition  in 
dynamic  systems,  or  a  new  dimension  added 
to  analytical  techniques  such  as  (1)  rate  of 
solution  of  solids  in  solids  or  solids  in  liquids; 
(2)  rate  of  mixing  of  liquids;  (3)  rate  of  pre- 
cipitation from  solution;  (4)  diffusion  of 
metals  during  phase  transfonnations;  (5) 
rate  of  corrosion  of  surfaces;  (6)  rate  of  sub- 
limation. A  cumulative  Gaussian  curve  for 
the  rate  of  solution  of  CuSCX  in  water  is 
described  by  Birks.6*  An  excellent  example  is 
the  measurement  of  arsenic  and  antimony 
in  lead  by  formation  of  the  oxides  (insoluble 
in  lead)  on  the  surface  of  the  lead. 
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The  speed,  sensitivity,  and  precision  of 
x-ray  fluorescence  analysis  for  substances  of 
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place  this  technique  in  the  forefront  of  mod- 
ern methods  of  instrumental  analysis.  The 
scope  of  applications  in  industry,  govern- 
ment, and  research  institutions  continues  to 
increase  at  a  steady  rate.  The  fact  that  the 
technique  is  inherently  non-destructive  or 
does  not  deface  the  specimen  lends  attrac- 
tiveness to  it  in  instances  where  specialized 
analysis  is  needed.  The  relative  simplicity  of 
the  fluorescent  spectrum,  as  contrasted  for 
example  with  optical  emission,  provides  dis- 
tinct advantages  in  its  interpretation. 

The  fluorescent  x-rays  emitted  by  a  ma- 
terial and  used  for  its  analysis  are  generated 
by  directing  a  primary  beam  of  high  energy 
x-rays  against  it.  The  x-ray  photons  of  the 
high  energy  beam  are  absorbed  by  the  ma- 
terial. Using  the  Bohr  concept  of  atomic 
structure,  when  an  atom  in  a  material  is 
given  sufficient  energy  by  absorbing  these 
photons,  an  electron  may  be  ejected  from 
one  or  more  of  its  inner  shells.  The  place  of 
the  electron  is  immediately  filled  by  an  elec- 
tron from  an  outer  shell,  whose  position  in 
turn  will  be  filled  by  an  electron  even  fur- 
ther out,  etc.  In  this  manner  the  atom  re- 
turns to  its  normal  energy  state  by  a  series 
of  steps  in  electron  transitions.  For  each  of 
these  steps  an  x-ray  photon  is  emitted.  Since 
each  of  these  steps  is  discrete  and  character- 
istic, the  energy  or  wavelength  of  each  pho- 
ton may  be  used  as  a  unique  means  of  char- 
acterizing the  element  in  the  material. 

The  fluorescent  x-rays  generated  from  a 
sample  provide  an  unequivocal  identification 
of  the  elements  in  it  and  their  intensity 
measurement,  an  index  of  the  amount  of  each 
present.  In  most  applications,  however,  this 
measurement  is  not  straightforward  because 
the  fluorescent  intensity  often  is  not  directly 
proportional  to  the  concentration  of  the  ele- 
ment which  gives  rise  to  it.  Basically,  this 
non-linear  property  is  attributable  to  funda- 
mental x-ray -matter  interaction  effects 
which  take  place  in  a  substance  between  the 
component  elements  themselves. 

The    effects    of    interaction  —  variously 
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FIG.  1.  Absorption  coefficient  of  iron  and  its 
interaction  properties  with  copper  and  manganese. 

called  absorption  and  enhancement,  matrix, 
self-absorption,  or  interelemental  effects — 
are  well-known;  the  interaction  between  cop- 
per and  iron  in  the  same  specimen  provides  a 
classic  example.  In  Figure  1  is  shown  the 
absorption  coefficient  of  iron  plotted  against 
wavelength.  The  absorption  edge  of  iron  is 
at  1.739  A  and  the  Ka  emission  line  of  copper 
is  at  1.537  A.  The  1.537  A  copper  radiation, 
occurring  on  the  short  wavelength  side  of  the 
iron  absorption  edge,  will  be  strongly  ab- 
sorbed by  iron.  This  absorbed  radiation  will 
excite  and  further  enhance  the  characteristic 
radiation  of  iron  over  that  generated  by  the 
primary  exciting  beam.  If  manganese  rather 
than  copper  coexists  with  iron,  the  interac- 
tion effects  are  much  less  pronounced.  The 
manganese  Ka  line  occurs  at  2,098  A,  on  the 
long  wavelength  side  of  the  iron  absorption 
edge,  and  therefore  is  not  strongly  absorbed. 
Similarly,  the  iron  Ka  line  at  1.932  L,  on 
the  long  wavelength  side  of  the  manganese 
absorption  edge  at  1.892  A,  does  not  enhance 
manganese. 

Corrections  for  Interaction 

Several  practical  methods  have  been  de- 
veloped to  cope  with  interaction  problems. 
The  better  known  of  these  methods  are  the 
following: 

Dilution.  Generally,  the  substance  to  be 
analyzed, is  diluted  in  high  ratio  with  a  sub- 
stance which  is  relatively  transparent  to 
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x-rays.  Substances  such  as  carbon,  water, 
starch,  lithium  carbonate,  borate  glass,  and 
oxides  of  the  low  atomic  number  metals 
have  been  successfully  used  as  diluents.  The 
degree  of  dilution  required  to  minimize  or 
eliminate  interaction  can  be  calculated  by 
use  of  the  absorption  constants  of  the  specific 
material,  or  it  can  be  determined  by  experi- 
ment. 

Mathematical  Correction.  Where  ele- 
ments can  be  measured  both  as  isolated  and 
as  coexisting  forms,  in  which  they  are  con- 
tained in  varying  ratios  as  in  alloys,  empi- 
rical corrections  for  interaction  may  be 
derived  which  provide  accurate  results.1  Sher- 
man2 has  further  considered  the  problem  of 
interaction  from  the  theoretical  standpoint 
of  the  fundamental  absorption  and  emission 
properties  of  the  elements.  Although  his  re- 
sults are  most  encouraging,  the  derivations 
of  mathematical  expressions  which  describe 
this  intricate  phenomenon  and  the  solutions 
involved  in  practical  applications  thereof 
are  fairly  complicated. 

External  Standards.  The  use  of  a  num- 
ber of  reference  standards  which  closely 
simulate  the  various  compositions  to  be 
analyzed  enables  compensation  for  interac- 
tion effects  to  be  made.  A  family  of  calibra- 
tion curves  often  is  helpful  for  this  purpose. 
The  chief  disadvantage  of  this  method  is  that 
the  reference  standards  must  be  periodically 
interspersed  with  the  unknowns  during 
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FIG.  2.  Dependence  of  fluorescence  yield  upon 
atomic  number. 
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measurement.  This,  of  course,  adds  to  the 
time  and  effort  required  for  analysis. 

Internal  Standard.  A  fixed  ratio  of  an 
added  element  in  a  sample  can  be  used  as  an 
internal  standard.  This  is  probably  the  best- 
known  method  used  to  compensate  for  in- 
teraction.8 The  similarity  in  spectral  be- 
havior of  the  sought  to  the  added  element 
and  the  ultimate  homogeneity  of  both  in  the 
blend  are  factors  of  paramount  importance. 
For  powdered  solids  there  is  ample  evidence 
that  reduction  in  average  particle  size  to 
values  as  low  as  a  few  microns  often  is  neces- 
sary to  obtain  TYifl.TfmtjTn  intensity  and  pre- 
cision of  measurements.  Particle  reduction  is 
especially  critical  for  fluorescence  of  low 
atomic  number  elements  for  which  the  sam- 
ple penetration  depth  is  very  small. 

Sensitivity 

The  sensitivity  of  x-ray  fluorescence  ap- 
plied to  varied  substances  is  highly  depend- 
ent upon  the  substrate  or  matrix  and  the 
nature  of  the  element  measured  therein. 
Generally,  the  sensitivity  varies  directly  with 
the  atomic  number  of  the  element  and  in- 
versely with  the  atomic  number  of  the  matrix 
in  which  it  is  measured.  As  an  example,  10 
parts  per  million  of  iron  can  readily  be  de- 
tected in  cellulose  or  hydrocarbons.  Matrices 
of  higher  atomic  number,  such  as  titanium 
which  is  more  absorbing,  lower  the  iron 
sensitivity  by  about  two  orders  of  magni- 
tude. 

The  decrease  in  fluorescent  sensitivity  for 
the  measured  element  with  atomic  number 
is  associated  with  two  fundamental  physical 
properties.  First,  the  decrease  in  atomic 
number  results  in  the  production  of  longer 
and  hence  more  easUy  absorbed  characteris- 
tic wavelengths.  Second,  the  fluorescent 
yield  or  probability  of  emission  function  of 
the  element  decreases  with  atomic  number. 
A  plot  showing  the  dependence  of  fluores- 
cence yield  upon  atomic  number  is  shown  in 
Figure  2.4  To  exemplify  this  second  prop- 
erty, the  fluorescent  yield  of  iron  [26]  is 
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about  three  times  that  of  calcium  [20].  This, 
with  the  property  of  being  more  easily  ab- 
sorbed, lowers  the  absolute  sensitivity  for 
calcium  to  a  level  considerably  below  that 
for  iron  in  most  substances. 

In  general,  x-ray  fluorescence  with  con- 
ventional instruments  does  not  possess 
nearly  the  absolute  sensitivity  of  emission 
spectrographic  detection,  which  is  of  the 
order  of  10~~9  gram  for  a  number  of  the  ele- 
ments. However,  under  favorable  circum- 
stances fluorescence  can  be  applied  in  the 
detection  and  measurement  of  microgram 
quantities  of  certain  elements.  High  sensi- 
tivity methods  employing  conventional 
equipment  have  been  applied  in  a  number 
of  cases  to  the  determination  of  elements 
having  atomic  numbers  greater  than  20 
which  occur  in  low  atomic  number  matrices; 
these  include  biological  tissues,  organic  films, 
fibers,  or  similar  low  absorbing  media. 

Nickel,  iron,  and  vanadium  deposited  by 
evaporation  from  solution  onto  a  small  filter 
paper  circle  can  readily  be  determined  in 
the  range  of  1  to  50  micrograms.  The  relative 
error  is  about  two  per  cent  where  cobalt  is 
used  as  an  internal  standard  and  helium 
is  passed  through  the  optical  path  to  mini- 
mize absorption  loss.  The  calibrations  are 
linear,  indicating  negligible  effects  of  ele- 
mental interaction.  Figure  3  illustrates  a 
calibration  for  nickel  in  the  mierogram 
range. 

A  brief  survey  of  the  literature  for  specific 
applications  of  x-ray  fluorescence  readily 
indicates  that  the  scope  and  variety  of  this 
technique  are  relatively  large.  Accordingly, 
the  following  examples  illustrate  only  a 
selected  number  of  these  applications. 

Metals 

Historically,  the  metals  industry  has  been 
in  the  forefront  of  the  development  and 
applications  of  x-ray  fluorescence.  These 
achievements  make  possible  the  analysis  of 
most  all  metal  alloys — both  ferrous  and  non- 
ferrous,  in  major  or  minor  concentrations — 


with  precisions  as  good  or  better  than  those 
obtained  by  conventional  chemical  methods, 
but  at  a  fraction  of  the  cost  in  time  and  ef- 
fort. Thus,  the  techniques  of  metal  analysis 
are  substantially  in  a  well-developed  state- 
In  the  foregoing  discussion  on  corrections 
for  interaction  effects,  it  was  pointed  out  that 
experimental  data  could  be  employed  in  per- 
forming mathematical  corrections  for  these 
effects.1  In  Table  1,  x-ray  and  chemical 
values  obtained  in  the  analysis  of  alloys  are 
compared.  Where  proportional  intensities 
were  used  directly  in  the  interpretation,  the 
x-ray  results  were  in  considerable  error  for 
most  all  values;  but  after  correcting  for  in- 
teraction, the  agreement  between  chemical 
and  x-ray  results  became  excellent  in  prac- 
tically every  case. 

A  relatively  inexpensive,  portable  x-ray 
fluorescence  spectrograph  weighing  less  than 
100  pounds,  developed  by  Philips  Electron- 
ics, Mount  Vernon,  New  York,  is  commer- 
cially available  for  plant  process  control  of 
metals  and  alloys.  The  intensity  necessary 
for  exciting  the  fluorescent  spectrum  is  gen- 
erated by  a  special  high  emission  x-ray  tube 
which  employs  a  beryllium  disc  sputtered 
with  gold  to  serve  both  as  the  target  and  the 
end  window  for  the  x-rays. 

The  x-ray  fluorescence  probe  spectrograph 
developed  by  Castaing  and  Guinier5  has 
provided  a  new  dimension  for  the  investiga- 
tion of  micro  grain  and  phase  boundary  com- 
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FIG.  3.  Calibration  for  nickel  on  filter  paper. 
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TABLE  1.  ANALYSIS  OF  ALLOTS 


Alloy 

Ele-  , 
ment 

Chemical 
% 

X-ray 

X-ray 

Correc- 
ted for 
Inter- 
action % 

~% 
Error 

Propor- 
tional In- 
tensities 
% 

Error 

1 

Cr 

19.86 

20,29 

2.22 

27.7 

39.5 

Fe 

65.94 

65.95 

0.0 

52.1 

21.0 

Ni 

13.98 

13.76 

1.57 

6.98 

50.0 

2 

Cr 

21.23 

20.39 

3.95 

28.7 

35.2 

Fe 

13.85 

15.04 

8.60 

15.1 

9.0 

Ni 

64.84 

64.57 

0.42 

46.5 

28.3 

3 

Or 

32.13 

32.44 

0.97 

40.4 

25.8 

Fe 

35.43 

35.86 

1.21 

27.3 

22.9 

Ni 

31.86 

31.66 

0.63 

18.6 

41.5 

4 

Cr 

16.45 

16.96 

3.10 

19.8 

20.4 

Fe 

50.20 

51.35 

2.29 

81.0 

61.4 

Ni 

26.80 

25.54 

4.70 

15.1 

43.6 

Mo 

6.55 

6.15 

6.10 

6.52 

0.5 

5 

Cr 

18.43 

19.63 

6.51 

24.9 

35.1 

Fe 

66.26 

64.93 

3.01 

51.5 

22.3 

Ni 

12.99 

13.23 

1.85 

6.79 

48.4 

Mo 

2.32 

2.22 

4.31 

2.42 

4.3 

positions  of  metals.  In  this  instrument  the 
sample  itself  serves  as  the  target  against 
which  a  high  potential  needle-like  stream 
of  electrons — the  probe — impinge  to  gener- 
ate the  fluorescent  x-rays.  A  point-by-point 
microanalydis  may  be  performed  in  which 
the  solid  phase  composition  of  one  cubic 
micron,  i.e.,  about  10~u  gram,  is  determined 
at  each  probe  point.  Refinements  in  the  in- 
strumentation of  this  specialized  device,  as 
well  as  increases  in  the  variety  of  its  applica- 
tions by  metallurgists,  are  being  made. 

Non-Metals 

The  detection  and  determination  of  sev- 
eral low  atomic  number  non-metals  by  x-ray 
fluorescence  have  been  reported.  These  have 
been  achieved  mostly  because  of  improve- 
ments made  in  recent  years  in  detectors  and 
their  associated  electronic  components.  In 
particular,  the  use  of  proportional  counters 
— statifc  arid  flow,  with  suitable  channels  for 
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pulse  height  discrimination — has  made  pos- 
sible the  detection  of  non-metals  in  the  third 
period  of  the  Periodic  Chart. 

X-ray  fluorescence  has  been  applied  to 
the  routine  determination  of  chlorine  in 
vinyl  resins  in  which  this  non-metal  is  a 
major  component.6  A  Geiger-Muller  counter 
provides  adequate  sensitivity  in  this  appli- 
cation, provided  helium  is  passed  through 
the  optical  path.  The  calibration  sensitivity 
for  chlorine  Ka  radiation  in  this  substance, 
which  contains  carbon  and  hydrogen  as  the 
other  components,  is  10  counts  per  second 
for  one  per  cent  chlorine  in  the  concentration 
range  of  55  to  75  per  cent.  The  estimated 
precision  is  one  part  per  thousand. 

Methods  for  the  determination  of  sulfur 
in  hydrocarbons  in  concentrations  below  one 
per  cent  have  been  developed.7  This  requires 
the  use  of  flow  proportional  counting,  pulse 
height  discrimination  to  accept  the  low  en- 
ergy characteristic  sulfur  radiation  and  to 
reject  most  of  the  unwanted  high  energy 
x-rays,  and  the  use  of  helium  in  the  optical 
path  to  minimize  absorption  loss.  The  re- 
sults obtained  by  x-ray  measurement  com- 
pare favorably  in  precision  and  accuracy 
with  conventional  lamp,  bomb,  or  furnace 
methods.  A  measuring  time  of  only  about  10 
minutes  is  required  for  x-ray  analysis  in 
comparison  with  much  longer  times  for  the 
other  methods. 

Phosphorus  and  silicon,  also  in  period 
three,  have  been  determined  by  x-ray  fluo- 
rescence under  adverse  conditions  from  the 
standpoint  of  the  matrices  in  which  they 
were  measured.  Both  have  been  measured 
in  ceramic  materials  and  slags  in  which  large 
absorption  or  interaction  effects  occur.  In 
slags8  the  precision  for  phosphorus  at  the  one 
per  cent  concentration  level  w^s  0.07  per 
cent;  that  for  silicon  at  the  20  per  cent  level 
was  0.4  per  cent. 

Petroleum 

Applications  of  x-ray  fluorescence  in  the 
processing  and  refining  of  petroleum  prod- 
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ucts  fall  into  two  categories:  the  analysis  of 
materials  which  are  intermediate  in  or  inci- 
dental to  the  steps  of  manufacture,  and 
those  employed  for  inspection  and  control  of 
finished  products.  The  variety  in  composi- 
tion, concentration  range,  and  phase  of  these 
materials  exacts  broad  versatility  in  the 
x-ray  applications. 

X-ray  fluorescence  has  been  applied  in 
the  analysis  of  gasoline  for  additive  elements. 
Tetraethyl  lead  in  concentrations  of  0.1  to  6 
milliliters  per  gallon  has  been  determined 
with  an  average  of  ±0.026  milliliters  per 
gallon.9  Because  of  matrix  differences,  cor- 
rections based  on  the  carbon-hydrogen  ratio 
must  be  established  to  obtain  accurate  re- 
sults. Additive  manganese  also  has  been 
determined  in  gasoline  in  the  concentration 
range  of  0.1  to  1.0  gram  per  gallon.10  Ele- 
mental iron,  which  in  this  specific  method 
comprises  a  part  of  the  instrumental  setup, 
serves  as  a  compensative  reference.  In  addi- 
tion to  eliminating  matrix  effects,  the  ref- 
erence improves  precision  to  a  confidence 
level  of  99  per  cent. 

X-ray  fluorescence  has  been  used  to  de- 
termine barium,  calcium,  and  zinc  in  lubri- 
cating oils.11  This  technique  was  found  to 
be  at  least  equal  in  accuracy  to  chemical 
methods  for  these  elements  in  concentration 
ranges  of  a  few  tenths  per  cent. 

The  concentration  of  both  minor  and  trace 
elements  in  catalysts  has  been  determined 
by  x-ray  fluorescence  measurement.  Ac- 
curate measurements  have  been  made  of 
trace  amounts  of  iron,  nickel,  and  vanadium 
in  silica-alumina  cracking  catalyst12  and  of 
platinum  in  alumina-base  reforming  cata- 
lyst.18 The  agreement  between  chemical- 
spectrophotometric  and  x-ray  results  for 
platinum  in  the  latter  is  illustrated  in  Table 
2.  The  average  relative  difference  between 
methods  is  one  per  cent.  With  catalytic  sub- 
stances of  these  compositions,  the  measure- 
ments of  minor  or  trace  amounts  of  elements 
are  essentially  free  of  interference  produced 
by  matrix  differences, 


TABLE  2.  ANALYSIS  or  REFORMING  CATALYST 


Sample  No. 

Platinum,  % 

Spectro- 
photometric 

X-ray  Fluo- 
rescence 

Difference 

1 

0.592 

0.583 

0.009 

2 

0.587 

0.590 

0.003 

3 

0.585 

0.582 

0.003 

4 

0.581 

0.583 

0.002 

5 

0.575 

0.575 

0.000 

6 

0.571 

0.582 

0.011 

7 

0.586 

0.575 

0.011 

8 

0.583 

0.573 

0.010 

9 

0.587 

0.581 

0.006 

10 

0.583 

0.584 

0.001 

11 

0.586 

0.574 

0.012 

12 

0.589 

0.586 

0.003 

Av.  0.006 

Minerals 

X-ray  fluorescence  has  been  particularly 
useful  in  the  analysis  of  rare  earth  minerals, 
thus  avoiding  many  of  the  difficulties  in- 
herent in  chemical  methods. 

Thorium  has  been  determined  in  minerals 
using  thallium  as  the  internal  standard.14  A 
comparison  of  x-ray  with  chemical  results  is 
presented  in  Table  3,  which  demonstrates 

TABLE  3.  COMPARISON  OF  X-RAY  AND  CHEMICAL 
METHODS  ON  VABIOTTS  MINERALS 


sample 

X-Ray 

Chemical 

Monazite  A 

9.7 

9.5 

Monazite  B 

6.9 

6.5 

Monazite  C 

4.7 

4.4 

Apatite 

0.29 

0.19 

Magnetic  Separate 

0.71 

0.78 

Carbonate 

1.02 

0.96 

Heavy  Mineral  Separate 

2.1 

2.2 

Siliceous  Rock 

2.0 

2.3 

Xenotime 

3.3 

3.3 

Lignite  Ash 

4.5 

4.8 

Monazite,  Mt.  Weather 

5.8 

5.5 

Eschynite 

6.6 

6.4 

Dilute  Monazite 

0.97 

1.00 

Black  Sand 

3.6 

3.6 

Weathered  Vein  I 

1.80 

1.68 

Thorianite  Ore 

1.80 

1.87 

Weathered  Vein  II 

4.6 

4.2 

Thorid,% 
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the  broad  applicability  of  the  x-ray  method 
to  a  variety  of  samples. 

Columbium  and  tantalum  have  been  de- 
termined in  monazite  ores  using  zirconium 
and  hafnium,  respectively,  as  internal  stand- 
ards.16 The  relative  precision  at  the  two  per 
cent  level  of  the  sought  elements  is  five  per 
cent,  and  the  time  of  analysis  is  40  minutes. 
Fusion  of  the  sample  and  co-precipitation 
with  the  internal  standards  are  carried  out 
to  avoid  serious  particle  size  effects. 

The  purpose  in  the  foregoing  discussion 
has  been  to  point  out  some  of  the  problems 
and  limitations  as  well  as  some  of  the  ad- 
vantages and  achievements  of  applied  x-ray 
fluoresence.  It  is  the  firm  belief  of  many 
workers  in  this  field  that  only  a  beginning 
has  been  made  in  potential  applications  and 
that  remarkable  advances  in  this  technique 
lie  in  the  years  just  ahead. 
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In  x-ray  spectrochemical  analysis,  single 
crystals  of  lithium  fluoride,  quartz  and  others 
are  used  to  disperse  the  x-ray  spectrum  in  the 
same  manner  that  ruled  diffraction  gratings 
are  used  to  disperse  the  visible  spectrum  in 
ordinary  light-emission  spectroscopy.  Just  as 
in  the  visible  region,  scanning  spectrometers 
may  be  utilized  to  cover  a  portion  of  the 
x-ray  spectrum  or  fixed  x-ray  optics  may 
be  used  to  study  variations  in  particular 
wavelengths  of  interest.  There  are  three 
most  common  geometries  for  the  x-ray  op- 
tics systems  and  they  are  designated  accord- 
ing to  the  way  in  which  the  dispersing  crys- 
tal is  used;  i.e.  flat  crystal,  curved  reflection 
crystal,  and  curved  transmission  crystal. 
Less  common  geometries  used  for  special 
purposes  employ  doubly  curved  crystals  or 
ruled  diffraction  gratings.  It  is  also  possible 
to  partially  resolve  the  x-ray  spectrum  elec- 
tronically according  to  the  amplitude  of  the 
pulse  generated  in  a  proportional  or  scintilla- 
tion detector  (see  p.  749).  Electronic  resolu- 
tion, if  used  by  itself,  is  commonly  referred 
to  as  nondispersive  analysis  because  no 
dispersing  crystal  is  required. 

Flat  Crystal  Geometry 

Fig.  1  shows  the  simplest  arrangement  for 
flat  crystal  x-ray  optics.  Primary  x-rays  of 
sufficient  energy  from  the  x-ray  tube  excite 
the  characteristic  x-ray  wavelengths  from 
the  elements  in  the  specimen  by  fluorescence. 
This  fluorescent  radiation  is  emitted  in  all 
directions  from  the  specimen  and,  before  dis- 
persion, it  is  necessary  to  limit  it  to  a  parallel 
bundle  with  a  collimator.  Parallel  blades,  as 
shown  in  the  figure,  are  most  commonly  used 
although  an  array  of  close-packed  tubings 
gives  similar  resolution  (but  lower  intensity). 
Also  a  single  pinhole  system  or  pair  of  slits 
could  be  used  but  would  not  increase  resolu- 
tion. For  each  setting  of  the  crystal  one 
wavelength  in  the  x-ray  spectrum  will  satisfy 
the  Bragg  law, 


nX  »  2(2  sin  0, 


(D 
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dettetor 


FIG.  1.  Flat-crystal  x-ray  optics.  Primary 
x-rays  from  the  tube  excite  the  characteristic  x-ray 
lines  from  the  elements  in  the  specimen.  The  poly* 
chromatic  secondary  x-rays  are  collimated  and 
then  diffracted  sequentially  according  to  wave- 
length by  the  analyzing  crystal.  A  detector  meas- 
ures the  relative  intensities  of  the  various  x-ray 
lines. 

where  n  is  the  order  (usually  1),  X  is  the 
wavelength  in  Angstrom  units  (ATI  =  10~8 
cm),  d  is  the  crystal  interplanar  spacing  in 
AU  (2.02  ATI  for  LiF)  and  B  is  the  Bragg 
angle  between  the  incident  x-rays  and  the 
diffracting  planes.  By  positioning  the  detec- 
tor at  angle  26  corresponding  to  the  crystal 
setting  8,  only  the  diffracted  radiation  will 
be  detected.  As  the  crystal  is  rotated  through 
the  angle  0  from  zero  to  90°  and  the  detector 
is  rotated  simultaneously  from  zero  to  180° 
the  x-ray  spectrum  is  dispersed.  There  is, 
however,  a  limit  on  the  longest  wavelength, 
Xmax ,  that  may  be  diffracted  by  a  particular 
kind  of  crystal  because  as  0  goes  to  90°  and 
sin  0  goes  to  unity, 

Xmax  -  2d  (2) 

Thus  the  need  for  long-spacing  crystals  is 
apparent  for  analyzing  the  longer  wave- 
length part  of  the  x-ray  spectrum. 

The  d  spacing  of  the  crystal  also  enters 
into  the  dispersion  d0/d\.  From  Bragg's  law 
one  obtains 


de/fa 


d  cos  e 


(3) 


Since  it  is  desirable  to  separate  neighboring 
wavelengths  for  resolution,  d0/eZX  should  be 
large  and  this  means  a  small  value  of  d  is 
required.  The  general  rule  in  choosing  a 


crystal  then  is:  Other  things  being  equal, 
choose  the  smallest  d  spacing  possible  con- 
sistent with  being  able  to  diffract  the  maxi- 
mum wavelength  required  (eq.  2).  Of  course 
it  is  better  to  have  a  crystal  giving  a  high 
diffracted  intensity  than  one  with  slightly 
shorter  d  spacing. 

Resolution.  The  resolution  of  the  sys- 
tem depends  on  the  divergence  of  the  colli- 
mator,  BO  ,  and  the  rocking  curve  breadth, 
BM  ,  due  to  the  mosaic  structure  of  the  crys- 
tal. Fig.  2a  shows  the  Gaussian-type  rocking 
curve  that  is  obtained  from  good  single  crys- 
tals. For  ideally  imperfect  crystals  such  as 
LiF,  the  breadth  at  half  maximum  BM  will 
be  of  the  order  of  0.2°;  for  more  perfect  crys- 
tals such  as  quartz,  BM  will  be  more  like 
0.05°.  Fig.  2b  shows  the  form  of  the  intensity 
distribution  transmitted  by  a  blade  collima- 
tor.  For  a  collimator  4  inches  long  with  a 
0.005-inch  blade  spacing,  the  breadth  B0 
will  be  about  0.07°.  From  rules  for  adding 
variance,  the  breadth  of  a  diffracted  x-ray 
line,  B,  becomes 


B*  -  BM*  +  Bo* 


(4) 


For  LiF  and  the  4  inch  collimator  mentioned 
above,  B  is  about  0.21°. 

It  is  possible  to  place  the  collimator  be- 
tween the  crystal  and  detector  as  shown  by 
the  dotted  lines  in  Fig.  1  instead  of  between 
the  specimen  and  the  crystal.  Resolution 


a  b. 

FIG.  2.  (a)  Normal  intensity  curve  as  a  func- 
tion of  angle  (rocking  curve)  for  a  single  crystal. 
The  breadth  at  half  maximum,  BM  ,  is  due  to  mo- 
saicness  and  varies  from  about  0.05  degree  for 
rather  perfect  crystals  such  as  quartz  to  about  0.2 
degree  for  ideally  imperfect  crystals  such  as  lith- 
ium fluoride,  (b)  Intensity  distribution  as  a  func- 
tion of  angle  through  a  blade  collimator.  For  a 
collimator  4  inches  long  with  blade  separation  of 
0.005  inch,  Bo  will  be  about  0.07  degree. 
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and  intensity  will  be  about  the  same  as  be- 
fore but  background  intensity  will  be  re- 
duced somewhat. 

For  best  resolution,  coUimators  (of  equal 
divergence)  should  be  placed  at  both  posi- 
tions. With  double  collimators,  the  crystal 
rocking  curve  has  little  effect  on  the  resolu- 
tion and  the  final  breadth  may  be  expressed 
approximately  as 

B  -  0.6  Bo  (5) 

Of  course  when  two  collimators  are  used,  the 
spectrometer  must  be  more  accurately 
aligned  and  backlash  cannot  be  tolerated. 

Fixed  X-ray  Optics.  Although  scanning 
the  x-ray  spectrum  is  the  most  common 
practice  with  flat  crystals,  it  is  sometimes 
feasible  to  eliminate  the  spectrometer  and 
just  use  a  fixed  crystal  and  detector  in  the 
Bragg  condition  to  monitor  a  particular 
x-ray  wavelength  as  in  the  continuous  proc- 
ess control  of  tin  plating. 

Another  modification  of  the  flat  crystal 
technique  is  shown  in  Fig.  3  where  the  whole 
spectrum  is  dispersed  without  scanning.  By 
using  a  narrow  crystal  and/or  a  limiting 
blade,  the  incident  and  diffracted  radiation 
is  confined  to  a  very  narrow  bundle.  From 
some  point  on  the  specimen,  radiation  of 
wavelength  \i  will  strike  the  crystal  at  the 
proper  Bragg  angle  and  will  be  diffracted  as 


FIG.  3.  Edge-type  flat-crystal  optics.  A  limit- 
ing blade  and  a  narrow  crystal  combine  to  limit 
each  diffracted  wavelength  to  a  narrow  bundle  of 
radiation.  No  moving  parts  are  required  because 
wavelengths  arising  from  different  portions  of  the 
specimen  are  all  diffracted  simultaneously. 
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a  sharp  line.  Other  wavelengths  from  other 
positions  on  the  specimen  will  likewise  be 
diffracted  as  shown  (the  specimen  must  be 
homogeneous  if  quantitative  results  are  to 
be  obtained).  The  whole  spectrum  may  be 
recorded  on  photographic  film  in  about  the 
same  length  of  time  it  takes  with  a  scanning 
spectrometer,  and  resolution  may  be  made 
comparable.  If  only  a  few  lines  are  to  be 
measured,  then  the  scanning  spectrometers 
are  faster,  because  for  each  line  the  diffracted 
intensity  per  unit  time  is  much  higher  with 
the  large  crystal. 

Crystal  Treatment.  The  effects  of  ana- 
lyzing crystal  treatment  for  best  diffraction 
is  treated  in  detail  in  Birks'  book  Generally 
with  the  alkali  halides,  introducing  addi- 
tional dislocations  in  the  crystal  by  abraid- 
ing  or  stress  will  increase  the  diffracted  in- 
tensity by  as  much  as  ten  times  over  that 
from  cleavage  surfaces  and  without  serious 
loss  of  resolution. 

Curved  Reflection  Crystal  Geometry 

Fig.  4a  shows  the  geometry  of  curved  re- 
flection x-ray  optics.  If  a  cricle  of  radius  R 
is  established  (the  Rowland  circle  in  light 
optics),  x-rays  diverging  from  a  point  or  line 
source  on  that  circle  may  be  diffracted  from 
a  properly  curved  crystal  and  the  diffracted 
radiation  will  converge  to  a  line  image  on  the 
focusing  circle.  For  each  setting  of  the  crystal 
along  the  circle,  only  one  wavelength  will 
satisfy  the  Bragg  condition  and  be  diffracted. 
As  shown  in  Fig.  4a,  primary  radiation  from 
the  x-ray  tube  again  excites  the  characteris- 
tic wavelengths  of  the  specimen  elements.  A 
slit  close  by  the  specimen  and  located  on  the 
focusing  circle  acts  as  the  required  line  source 
of  diverging  radiation. 

For  the  best  resolution  the  crystal  is  first 
curved  to  a  radius  2R  equal  to  the  diameter 
of  the  focusing  circle  and  then  the  surface 
is  ground  to  the  radius  of  the  focusing  circle. 
The  rocking  curve  breadth  of  the  curved 
crystal  should  remain  approximately  the 
same  as  that  of  the  flat  crystal,  provided 
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reasonable  care  is  exercised  in  curving  and 
grinding.  The  angular  divergence  corre- 
sponding to  that  of  the  collimator  in  flat 
crystal  optics  is  controlled  by  the  source-slit 
width.  For  an  8-inch  (20  cm)  radius  focusing 
circle  a  slit  width  of  about  0,015  inch  will 
correspond  in  divergence  to  the  4-inch  long 
0.005-inch  spacing  collimator.  A  second  slit 
ahead  of  the  detector  acts  in  the  same  way 
as  the  second  collimator  for  flat  crystal  op- 
tics. 

A  useful  variation  of  the  curved-crystal 
optics  for  inhomogeneous  specimens  is  shown 
in  Fig.  4b  where  the  flat  specimen  is  mounted 
so  as  to  intersect  the  focusing  circle.  The 
primary  radiation  is  masked  with  a  lead  pin- 
hole  so  that  the  only  part  of  the  specimen 
irradiated  is  a  circle  about  0.5  TTITYI  in  diame- 
ter at  the  intersection  with  the  focusing 
circle.  By  translating  the  specimen,  different 
areas  are  brought  to  that  position,  thus  the 
composition  variation  across  the  surface  is 
easily  obtained. 

Another  interesting  variation  with  curved- 
crystal  optics  is  shown  in  Fig.  4c  where  the 
specimen  is  in  the  form  of  a  fine  rod  or  wire 
mounted  on  the  focusing  circle.  A  specimen 
of  very  small  total  mass  may  be  examined  in 
this  way.  For  instance,  about  1  milligram  in 
the  form  of  a  wire  will  yield  intensity  com- 
parable to  a  flat  specimen  of  several  grams 
mounted  as  in  Fig.  4a. 

Carrying  this  idea  one  step  further  to  the 
very  TniTnmuTn  quantity  in  grains  that  will 
give  a  measurable  intensity,  the  curved  crys- 
tal arrangement  should  be  about  100  times 
more  sensitive  than  flat  crystal  optics.  This 
is  based  on  comparing  curved  LiF  with  a 
0.015-inch  source  slit  and  flat  LiF  with  a  4- 
inch  long,  0.005-inch  spacing  collimator.  The 
factor  of  100  comes  about  because  in  flat- 
crystal  optics,  radiation  from  any  atom  in 
the  specimen  is  limited  by  the  collimator 
and  can  reach  only  a  strip  about  0.010  inches 
wide  on  the  crystal  whereas  it  can  reach  the 
whole  crystal  in  curved-crystal  optics.  Even 
for  a  1-inch  crystal  this  is  a  factor  of  100 


FIG.  4.  Curved-crystal  reflection  x-ray  optics. 

(a)  Excitation  of  the  characteristic  wavelengths  is 
the  same  as  for  flat-crystal  optics  but  a  limiting 
slit  on  the  focusing  circle  acts  as  a  divergent  line 
source  of  radiation.  For  each  setting  of  the  crystal, 
one  wavelength  only  is  diffracted  and  the  radiation 
converges  to  a  line  image  on  the  focusing  circle. 

(b)  A  pinhole  limits  primary  radiation  to  a  circle 
about  0.5  mm  so  that  only  a  small  area  of  the  speci- 
men surface  is  irradiated.  By  mounting  the  speci- 
men properly,  this  irradiated  area  may  be  located 
on  the  focusing  circle  where  it  acts  as  a  divergent 
point  source  of  radiation.  As  the  specimen  is  trans- 
lated past  the  primary  beam,  different  areas  are 
excited,  and  any  inhomogeneities  are  indicated  by 
variation  of  the  intensities  of  the  characteristic 
lines,  (c)  A  wire  or  capillary  type  specimen  may 
be  mounted  on  the  focusing  circle  and  acts  as  a  di- 
vergent line  source  of  radiation.  Very  small  total 
volumes  of  material  may  be  examined  by  this 
method. 

times.  In  practice  it  is  not  easy  to  attain 
the  theoretical  increase  of  100  times,  probably 
because  the  specimen  is  not  mounted  exactly 
on  the  focusing  circle,  the  crystal  does  not 
have  strictly  uniform  curvature,  or  the  speci- 
ment  contains  too  much  material  and  there 
is  some  self-absorption  when  mounted  in 
capillary  form.  Factors  of  about  10  times 
have  been  reported  by  several  workers. 
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Curved  Transmission  Crystal  Geometry 

Curved-crystal  transmission  optics  is 
somewhat  different  in  principle  than  curved- 
crystal  reflection  optics.  It  should  be  noted 
that  this  is  not  the  same  as  in  flat-crystal 
optics  where  transmission  is  a  trivial  modifi- 
cation of  reflection.  Figs.  5a  and  b  show  the 
two  possible  situations.  Again  the  crystal  is 
curved  to  a  radius  equal  to  the  diameter  of 
the  focusing  circle,  but  grinding  the  surfaces 
to  the  radius  of  the  focusing  circle  is  far  less 
important  than  in  reflection  optics.  The  cor- 
rect thickness  of  the  crystal  is  quite  critical 
and  varies  with  wavelength  because  of  the 
rapidly  changing  absorption  coefficient  for 
the  characteristic  lines  of  interest.  The 
proper  thickness  is  such  that  ratio  of  trans- 
mitted to  incident  radiation  Ir//o  =  l/«  for 
the  wavelength  of  interest  and  e  is  the  base 
for  natural  logarithms. 

In  Fig.  5a  a  flat  specimen  on  the  convex 
side  of  the  crystal  is  excited  by  primary 
radiation  in  the  usual  manner.  The  various 
wavelengths  are  diffracted  by  the  planes 
perpendicular  to  the  crystal  surface  and  the 
diffracted  radiation  converges  along  the  fo- 
cusing circle.  No  motion  of  the  crystal  is 


necessary  but  the  detector  has  to  move  along 
the  circle  to  measure  the  various  wave- 
lengths. 

In  Fig.  5b  a  rod  or  wire  specimen  is 
mounted  on  the  focusing  circle  on  the  convex 
side  of  the  crystal.  With  the  crystal  at  posi- 
tion A,  some  wavelength  Xi  will  satisfy  the 
Bragg  law  and  be  diffracted.  The  diffracted 
radiation  will  continue  to  diverge,  however, 
unlike  the  reflection  situation  in  Fig.  4c.  At 
position  B  in  Fig.  5b  the  crystal  will  selec- 
tively diffract  a  different  wavelength  X2 ,  and 
so  on,  until  the  whole  spectrum  is  dispersed. 

Some  intensity  is  inevitably  lost  by  ab- 
sorption in  curved  transmission  optics.  But 
for  short  wavelength  radiation,  the  solid 
angle  of  radiation  intercepted  from  a  point 
source  is  so  much  larger  than  for  reflection 
optics  that  the  total  diffracted  intensity  is 
often  appreciably  higher. 

Doubly-Curved  Reflection  Crystals 

For  some  special  x-ray  problems  it  is  de- 
sirable to  diffract  a  particular  wavelength 
from  a  point  source  to  a  point  image.  This  is 
possible  with  a  doubly-curved  crystal  pre- 
pared for  the  particular  desired  wavelength. 


specimen 


FIG.  5.  Curved-crystal  transmission  x-ray  optics,  (a)  A  large  specimen  outside  the  focusing  circle 
may  be  excited  in  the  same  manner  as  in  flat-crystal  optics.  Different  wavelengths  will  be  diffracted  and 
converge  along  the  focusing  circle  with  the  crystal  stationary.  Fixed  detectors  or  a  moving  detector  may 
be  used  to  measure  the  intensity,  (b)  A  wire  or  point  specimen  may  be  mounted  on  the  focusing  circle 
and  acts  as  divergent  source  of  radiation.  For  each  position  of  the  crystal  only  one  wavelength  is  dif- 
fracted; the  diffracted  radiation  continues  to  diverge  after  passing  through  the  crystal.  Either  fixed  or 
moving  detectors  may  be  used. 
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Such  procedure  is  quite  reasonable  in  x-ray 
diffraction  where  the  same  characteristic 
radiation  from  the  x-ray  tube  target  is  to 
be  used  over  and  over.  It  is  not  so  reasonable 
for  x-ray  spectrochemical  analysis  because 
a  doubly-curved  crystal  is  suitable  for  only 
one  element  and  only  in  fixed  rather  than 
scanning  optics.  The  requirements  on  the 
crystal  may  be  understood  by  referring  back 
to  Fig.  4a.  If  a  line  is  drawn  from  the  source 
slit  Si  to  the  detector  slit  S2 ,  the  crystal 
planes  must  be  warped  to  fit  the  figure  of 
revolution  formed  by  rotating  the  arc  of  the 
focusing  circle  about  the  axis  8182 .  Crystals 
of  LiF,  aluminum  and  perhaps  others  have 
been  prepared  in  the  doubly-curved  form 
but  it  takes  a  rather  skillful  technique.  The 
double  curvature  may  be  approximated  by 
using  thin  strips  of  singly  curved  (and 
ground)  crystals  and  cementing  them  on  a 
form  with  the  proper  second  curvature. 

Ruled  Gratings 

In  the  very  beginning  days  of  x-rays,  at- 
tempts were  made  to  use  ruled  gratings  for 
diffraction  as  in  classical  optics.  It  was  soon 
discovered  that  the  x-rays  were  reflected  only 
at  grazing  incidence  and  that  even  the  finest 
rulings  of  20  to  30  thousand  lines  per  inch 
(spacings  of  6-8000  AU)  were  far  too  coarse 
for  the  1  to  10  ATI  range  of  x-rays.  Therefore 
workers  turned  to  three  dimensional  single 
crystals  having  spacings  of  1  to  10  AU  to 
diffract  the  radiation.  With  the  recent  suc- 
cess of  x-ray  spectrochemical  analysis  in  the 
1  to  10  AU  range  there  has  been  increasing 
interest  in  pushing  the  technique  to  the  10 
to  100  AU  range.  This  would  cover  the  char- 
acteristic lines  of  the  light  elements  such  as 
carbon,  nitrogen,  and  oxygen  and  would  also 
cover  a  most  interesting  region  in  the  solar 
and  stellar  x-ray  spectrum.  The  difficulty  is 
that  crystals  do  not  have  sufficiently  long 
interplanar  spacings  to  diffract  such  wave- 


Fig.  4a  except  that  the  radius  of  curvature 
of  the  focusing  circle  is  of  the  order  of  100 
cm  instead  of  10  to  20  cm  and  the  diffraction 
angles  are  limited  to  the  order  of  5°  or  less. 
The  principle  of  diffraction  with  ruled  grat- 
ings is  not  quite  the  same  as  with  crystals, 
however,  and  the  equation  for  diffraction  is 
expressed  as 

\D  -  (cos  <pi  —  cos  <?t)  (6) 

where  X  is  again  the  wavelength,  D  is  the 
ruling  spacing,  <pi  is  the  angle  between  the 
incident  radiation  and  the  grating  surface, 
w  is  the  angle  between  the  diffracted  radia- 
tion and  the  surface.  Unlike  crystal  diffrac- 
tion, the  incident  and  diffracted  angles  are 
not  necessarily  equal.  Also,  the  whole  spec- 
trum is  diffracted  without  turning  the  grat- 
ing. 

It  is  expected  that  the  use  of  ruled  grat- 
ings will  increase  rapidly  as  the  long  wave- 
length x-ray  spectrum  is  exploited. 

Useful  Relations 

Bragg  diffraction  law  for  crystals 
n\  -  2d  sin  0 

where  X  is  wavelength  in  AU ;  d  is  interplanar  spac- 
ing in  AU;  6  is  Bragg  angle  (the  angle  between  the 
incident  radiation  and  the  diffracting  planes) 

Dispersion 


It  is  of  advantage  to  use  a  crystal  with  the  small- 

est d  value  feasible  because  the  dispersion  is 

greater. 

Maximum  wavelength  diffracted  for  a  given  crystal 


to  ruled  diffraction  gratings.  The  geometry 
with  ruled  gratings  is  very  much  like  that  of 


Diffraction  equation  for  ruled  grating 
\  =  D  (cos  91  -  cos<pj) 

D  is  distance  between  rulings  (8.33  X  lQ-«  cm 
for  a  grating  containing  30000  lines/inch) 

w  is  the  incident  angle  corresponding  to  6  for 
crystal  diffraction 

vt  is  the  diffracted  angle  but  is  no  longer  equal 
to  <p\  as  in  crystal  diffraction. 

L.  S.  BERKS 
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SCANNING  M1CROANALYZER 

The  technique  of  focusing  an  electron 
beam  to  produce  a  high  intensity  point 
source  of  x-rays  has  been  discussed  by  Nixon 
(Enc.  of  Microscopy,  "Point  Projection 
X-Ray  Microscopy")-  It  was  early  realized 
that  the  x-ray  projection  microscope  could 
be  used  for  the  chemical  analysis  of  a  selected 
region  in  a  specimen  down  to  I-IO/*  in  extent  * 
by  study  of  its  x-ray  absorption  or  fluores- 
cence spectra.  Independently  of  Cosslett  and 
Nixon,  an  instrument  was  developed  by 
Castaing1' 2  for  microanalysis  by  directly  ex- 
cited x-ray  emission,  in  which  the  specimen 
itself  is  bombarded  by  a  beam  of  electrons 
focused  into  a  probe  about  IJK  in  diameter. 
In  combination  with  a  technique  for  scanning 
the  electron  probe  over  the  specimen  surface, 
which  is  the  subject  of  this  article,  the 
method  can  be  used  to  obtain  the  surface 
distribution  of  a  given  element  in  the  form 
of  a  visual  image.  The  x-ray  scanning  micro- 
analyzer  is  thus  of  value  in  investigating  sur- 
face inhomogeneity,  and  has  been  widely 
applied  to  problems  in  metallurgy  and  min- 
eralogy. 

To  introduce  the  principles  underlying  the 
x-ray  scanning  microanalyzer  it  is  first  neces- 
sary to  consider  the  emission  method  of 
microanalysis  using  a  stationary  electron 
probe.  Following  the  work  of  Castaing,  sev- 
eral types  of  static  probe  microanalyzer  have 
been  developed,  nearly  all  employing  a  two- 
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FIG.  1.  X-ray  emission  spectrum  from  man- 
ganese-zinc ferrite,  plotted  with  a  curved  crystal 
of  lithium  fluoride. 
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lens  system  to  give  a  probe  of  diameter  l-5ju; 
the  accelerating  voltage  is  commonly  be- 
tween 20  and  40  kV.  Designs  of  the  objective 
lens,  specimen  chamber  and  spectrometer 
have  differed  considerably,  but  all  rely  on 
being  able  to  position  the  electron  probe  on 
the  specimen  surface  by  means  of  an  op- 
tical microscope  accurately  aligned  with  the 
electron-optical  axis.  One  or  more  crystal 
spectrometers  are  then  used  to  analyze  the 
characteristic  x-rays  emitted  from  the  se- 
lected point  on  the  surface. 

A  typical  emission  spectrum  plotted  with 
a  lithium  fluoride  crystal  spectrometer  is 
shown  in  Figure  1.  This  was  excited  from  a 
volume  of  about  I/*8  in  a  piece  of  ferrite  ma- 
terial, and  illustrates  how  the  elements  pres- 
ent may  be  identified  from  the  Bragg  angles 
or  wavelengths  of  the  characteristic  peaks; 
in  this  case  the  Ka  and  K/S  peaks  of  Mn,  Fe 
and  Zn  are  visible.  The  concentration  of  each 
element  may  then  be  determined  from  the 
peak  height,  to  which  it  is  approximately 
proportional,  calibration  being  effected  by 
comparison  with  a  pure  sample  of  each  ele- 
ment or  with  a  standard  of  known  composi- 
tion. A  relative  accuracy  of  1  %  in  the  deter- 
mination of  high  concentrations  is  possible 
in  favorable  cases,  with  a  mnimiiim  detecta- 
ble concentration  of  less  than  0.1  %.  Owing 
to  the  experimental  difficulties  of  dispersing 
and  detecting  x-rays  of  wavelengths  longer 
than  a  few  Angstrom  units  without  consider- 
able loss  of  intensity,  the  method  cannot  at 
present  be  easily  applied  to  elements  lighter 
than  magnesium  (Z  =  12,  Mg  Ka  —  9.9A). 
However,  present  work  is  directed  towards 
extending  this  limit,  as  referred  to  later  in 
this  article. 

Principle  of  the  Scanning  Microanalyzer 

The  principle  of  the  x-ray  scanning  micro- 
analyzer  may  be  described  with  reference  to 
Figure  2,  which  shows  the  original  instru- 
ment of  Cosslett  and  Duncumb.8'6  The  elec- 
tron probe,  1/i  in  diameter,  is  focused  by 
two  magnetic  lenses  on  to  the  specimen  at  the 
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FIG.  2.  Block  diagram  of  the  x-ray  scanning  microanalyzer. 


bottom  of  the  column,  and  is  scanned  over 
the  surface  by  deflection  coils  between  the 
lenses.  X-rays  emerge  through  a  port  on  the 
right  of  the  objective  lens,  and  characteris- 
tic radiation  of  a  particular  wavelength  may 
be  selected  either  with  a  crystal  spectrome- 
ter or  with  a  proportional  counter  and  pulse 
analyzer.  The  amplified  signal  modulates  the 
beam  of  a  cathode  ray  tube  scanned  in  syn- 
chronism with  the  probe,  which  thus  displays 
the  surface  distribution  of  the  corresponding 
element.  Alternatively,  with  the  scintillation 
counter  on  the  left,  back-scattered  electrons 
may  be  collected  to  form  an  image  of  the 
surface  topography  of  the  same  area,  in  a 
fashion  somewhat  similar  to  the  scanning 
electron  microscope  of  Smith  and  Oatley.7 
The  scanning  rate  is  1  frame  in  about  2  sec. 
and  the  image  is  built  up  in  the  display 
screen  afterglow,  which  persists  for  about 
20  sec.  The  maximum  area  of  scan  is  at  pres- 
ent limited  to  400/*  X  400**,  owing  to  off-axis 
aberrations  of  the  objective  lens. 

After  an  electron  or  x-ray  image  has  been 
obtained,  the  scan  may  be  stopped  and  the 
electron  probe  accurately  located  on  a  par- 
ticular feature  in  the  surface  by  adjusting  the 
position  of  the  display  tube  spot  on  the  re- 
tained image.  Quantitative  analysis  may 
then  be  carried  out  in  the  same  way  as  with 
the  static  probe  instrument. 

One  further  feature  of  the  instrument  is 
its  ability  to  display  semiquantitatively  the 


distribution  of  an  element  along  a  given  line 
in  the  specimen.  With  the  appropriate  radia- 
tion selected,  the  electron  probe  is  set  to  scan 
slowly  along  this  line  in  a  period  of  five 
seconds  or  more  and  the  output  of  the  rate- 
meter  is  used  to  produce  a  Y  deflection  on  the 
display  tube,  which  is  scanned  in  the  X  di- 
rection in  synchronism  with  the  probe.  It  is 
convenient  in  practice  to  have  two  identical 
display  tubes,  one  of  which  is  used  for  this 
purpose  and  the  other  to  position  the  line 
from  the  x-ray  or  electron  image. 

Thus  the  main  advantages  of  the  scanning 
technique  are  the  following.  The  distribution 
of  a  particular  element  can  be  obtained  much 
more  rapidly  than  in  a  point-by-point  anal- 
ysis using  a  static  electron  probe.  Secondly, 
the  accuracy  of  focusing  and  locating  the 
electron  probe  is  not  limited  by  the  resolution 
of  an  optical  microscope,  and  errors  due  to 
interaction  of  stray  lens  field  with  a  ferro- 
magnetic specimen  are  eliminated. 

Theoretical  Considerations 

The  theory  governing  the  design  and  use 
of  the  x-ray  scanning  microanalyzer,  as  with 
other  instruments  of  this  type,  is  mainly 
concerned  with  a  balance  between  resolution 
and  x-ray  intensity.  The  resolution  may  be 
taken  as  the  diameter  of  the  x-ray  source, 
which  is  dependent  on  three  main  factors: 

(1)  The  geometrical  diameter  of  the  elec- 
tron probe,  as  determined  by  the  electron- 
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optical  demagnification  and  by  the  effective 
size  of  the  electron  source  in  the  gun: 

(2)  The  spreading  of  the  probe  due  to 
spherical  aberration  of  the  objective  lens: 

(3)  The  penetration  and  lateral  scattering 
of  the  incident  electrons  within  the  speci- 
men. 

In  principle  each  of  these  can  be  reduced 
to  any  desired  level  by  increasing  the  demag- 
nification, reducing  the  lens  aperture  or  re- 
ducing the  accelerating  voltage,  respectively, 
but  only  at  the  expense  of  x-ray  intensity. 
It  is  therefore  necessary  to  fix  the  minimum 
x-ray  intensity  required  and  to  combine 
these  three  factors  in  such  a  way  as  to  give 
the  T^JTijTmiTn  over-all  diameter  to  the  x-ray 
source,  that  is,  to  give  the  best  resolution. 
This  problem  has  been  considered  theoreti- 
cally by  Wittry,8  and  with  particular  refer- 
ence to  the  scanning  microanalyzer  by  Dun- 
cumb.* 

The  TmTriTmmn  x-ray  intensity  required  is 
set  by  statistical  considerations.  The  effect  of 


a  low  x-ray  intensity  on  the  image  is  to  give 
it  a  grainy  or  noisy  appearance,  due  to  ran- 
dom fluctuation  of  the  number  of  quanta 
representing  any  one  image  point.  To  obtain 
the  maximum  amount  of  information  from 
the  image,  the  x-ray  intensity  should  be 
sufficiently  high  that  these  fluctuations  are 
invisible.  However,  this  would  require  a 
counting  rate  in  the  region  of  107/sec,  which 
no  system  can  at  present  handle,  and  it  is 
therefore  necessary  to  accept  a  certain 
amount  of  noise  in  the  image.  Figure  3  illus- 
trates the  progressive  increase  of  noise  in  the 
image  as  the  count  rate  is  reduced.  The 
specimen  was  a  200-mesh/inch  copper  grid; 
Cu  Ka  radiation  was  selected  with  the  crys- 
tal monochromator  so  that  the  superimposed 
silver  grid  appears  dark.  At  the  lowest  count 
rate  of  500  counts/sec,  which  is  about  20,000 
times  lower  than  the  rate  for  a  noise-free 
image,  the  form  of  the  copper  grid  is  plainly 
visible,  though  little  can  be  said  about  detail 
in  the  surface.  In  practice  a  count  rate  of 
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FIG.  3.  X-ray  scanning  image,  with  Cu  Ea  radiation  selected,  of  200  mesh/in,  copper  grid  and  super- 
imposed silver  grid,  showing  increase  in  graininess  as  count  rate  is  reduced.  Exposure  2  min. 
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10*-10Vsec  is  sufficient  for  many  purposes. 
Improvement  in  quality  is  given  by  record- 
ing the  image  photographically  for  a  period 
of  several  minutes;  alternatively,  when  inter- 
est is  confined  to  a  particular  feature  in  the 
image,  the  area  of  scan  can  be  reduced  to 
cover  a  smaller  number  of  lines,  so  that  the 
available  quanta  correspond  to  fewer  image 
points. 

Having  fixed  the  x-ray  intensity  required, 
it  is  then  possible  to  estimate  the  best  resolu- 
tion attainable.  If  the  three  factors  men- 
tioned above  which  contribute  to  the  x-ray 
source  diameter  are  combined  in  optimum 
proportions,  simple  theory  indicates  that  the 
count  rate  n  for  a  given  characteristic  line 
should  vary  roughly  as  the  fourth  power  of 
the  x-ray  source  diameter  d,  i.e.,  the  resolu- 
tion. The  constant  of  proportionality  can  be 
split  into  three  parts  ke ,  k0  and  k, ,  relating 
to  the  electron-optical  system,  the  efficiency 
of  x-ray  production  in  the  specimen,  and  the 
efficiency  of  the  x-ray  spectrometer. 

That  is, 

If  typical  values  for  these  constants  are 
inserted,  assuming  the  normal  type  of  elec- 
tron gun,  magnetic  lenses  and  crystal  spec- 
trometer, the  best  resolution  that  can  be 
expected  for  a  specimen  of  pure  copper,  with 
a  count  rate  of  104/sec,  is  about  1/i.  The  op- 
timum accelerating  voltage  should  then  be 
about  17  kV  and  the  probe  current  IjuA. 
Such  a  performance  can  be  realized  in  prac- 
tice, though  it  is  convenient  where  possible  to 
work  under  somewhat  relaxed  conditions 
with  an  accelerating  voltage  of  about  25  kV 
and  a  correspondingly  lower  probe  current. 
For  specimens  other  than  copper,  the  op- 
timum accelerating  voltage  will  take  a  dif- 
ferent value  depending  on  the  threshold  ex- 
citation voltage.  It  is  noteworthy  that  if  the 
required  counting  rate  is  fixed,  the  depend- 
ence on  the  fourth  power  of  d  means  that  a 
substantial  reduction  in  d  can  only  be 
achieved  through  a  large  increase  in  k, ,  k0 , 


or  k, ;  this  point  will  be  considered  further 
later. 

Design  of  the  Electron-optical  System 

As  with  the  static  probe  instrument,  the 
design  of  the  electron-optical  system  centers 
around  the  inter-relation  of  the  objective 
lens,  x-ray  spectrometer  and  specimen 
mounting  facilities. 

The  main  features  desirable  are: 

(1)  an  objective  lens  of  short  focal  length 
for  low  spherical  aberration; 

(2)  space  for  large  specimens  and  ease  of 
interchange; 

(3)  the  specimen  surface  normal  or  near 
normal  to  the  electron-optical  axis  to  avoid 
defocusing  at  maximum  probe  deflection; 

(4)  the  x-rays  collected  at  a  high  angle  to 
the  surface  to  reduce  absorption  of  the 
emergent  beam. 

The  relative  weights  put  on  these  features 
have  caused  existing  designs  to  differ  widely, 
depending  on  what  the  equipment  is  re- 
quired to  do.  In  mineralogical  work,  for  ex- 
ample, the  need  to  be  able  to  examine  rough 
surfaces  with  a  high  emergent  angle  overrules 
the  desirability  of  a  short  focal  length  lens. 
The  high  probe  current  which  this  would  per- 
mit cannot  in  any  case  be  used,  owing  to  the 
low  thermal  conductivity  of  most  minerals. 
On  the  other  hand,  to  detect  trace  elements 
present  in  a  polished  metal  specimen,  the 
high  probe  current  required  may  swing  the 
balance  the  other  way.  It  thus  seems  un- 
likely at  present  that  one  design  will  satisfy 
all  applications. 

In  the  first  instrument  developed  by  Coss- 
lett  and  Duncumb,8'6  the  specimen  was  ac- 
commodated in  the  bore  of  the  polepiece  and 
x-rays  were  collected  through  the  polepiece 
gap,  as  Figure  2  indicates.  It  was  found, 
however,  that  for  most  applications,  more 
than  sufficient  probe  current  was  available, 
indicating  that  a  longer  focal  length  lens 
would  be  practicable.  Thus,  in  a  second  in- 
strument constructed  by  Duncumb  and 
Melford1  at  Tube  Investments  Research 
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Laboratories,  the  major  disadvantage  of  this 
arrangement — the  restricted  size  and  the 
difficulty  of  interchange  of  the  specimen — 
was  removed  by  incorporating  a  lens  of  the 
pinhole  type  with  the  focus  outside  the 
polepiece. 

A  sectional  diagram  of  the  column  of  this 
instrument  is  shown  in  Figure  4.  Two  lenses 
are  used  to  focus  the  probe  on  to  the  speci- 
men immediately  beneath  the  second  lens, 
in  the  upper  bore  of  which  deflection  coils 
are  mounted  to  scan  the  probe  over  the  speci- 
men surface.  Emitted  x-rays  and  scattered 
electrons  are  collected  at  20°  to  the  speci- 
men surface  through  ports  in  the  lens  casing 
in  a  plane  perpendicular  to  that  of  the  di- 
agram. The  specimen  is  mounted  on  a  hori- 
zontal table,  and  may  be  traversed  or  rotated 
about  the  optical  axis  or  moved  from  under 
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FIG.  4.  Electron-optical  system  of  x-ray  scan- 
ning microanalyzer. 
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the  electron  beam  to  an  optical  microscope 
or  airlock.  Several  other  positions  on  the  ta- 
ble accommodate  standard  samples.  A  com- 
plete view  of  the  instrument  is  given  in  Fig- 
ure 5,  showing  the  column  and  control  desk 
on  the  left,  the  scanning  and  counting  racks 
in  the  middle  and  pen  recorder  on  the  right. 
This  instrument  is  now  manufactured  com- 
mercially. 

For  mineralogical  work  Long10  has  de- 
scribed the  use  of  a  scanning  microanalyzer  in 
which  the  probe  is  focused  nearly  2  cm  out- 
side the  lens  to  give  space  for  a  rock  section 
mounted  on  a  standard  glass  slide.  This  is 
held  at  45°  to  the  electron-optical  axis  so  that 
x-rays  can  be  collected  at  a  high  angle  to  the 
surface,  which  may  be  observed  during  anal- 
ysis either  in  transmitted  or  reflected  light. 
Optical  fluorescence  at  the  point  of  impact 
is  often  visible  and  gives  additional  qualita- 
tive information.  Electrostatic  scanning 
plates  are  located  between  lens  and  speci- 
men. Also  using  electrostatic  deflection, 
Mulvey11  has  added  a  simple  scanning  sys- 
tem to  his  static  probe  instrument,  the  plates 
in  this  case  being  located  in  the  polepiece 
gap. 

Applications 

The  type  of  information  that  can  be  ob- 
tained with  the  x-ray  scanning  microana- 
lyzer is  illustrated  in  Figure  6.  The  specimen 
is  an  alloy  of  iron  with  copper,  nickel  and 
tin,  in  which  an  iron-rich  phase  has  crystal- 
lized in  the  form  of  dendrites.  These  are 
shown  in  the  optical  image  (a)  of  a  polished 
section  of  the  material,  and  in  (b),  the  elec- 
tron scanning  image  of  the  same  field.  The 
presence  of  iron  in  the  dendrites  is  confirmed 
in  (c),  which  was  obtained  by  selecting  Fe 
Ka  radiation  with  the  crystal  spectrometer. 
Part  of  this  image  is  shown  at  higher  magni- 
fication in  (d),  together  with  a  plot  of  the 
distribution  of  iron,  photographed  from  the 
second  display  tube  as  the  electron  probe  was 
scanned  slowly  along  the  line  shown.  Quali- 
tative and  semiquantitative  information 
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FIG.  5.  Complete  x-ray  scanning  microanalyzer. 


about  the  surface  distribution  of  an  element 
can  thus  be  obtained,  which  is  of  particular 
value  when  the  segregation  is  not  visible 
optically,  as  in  the  case  of  some  solid  solu- 
tion effects.  The  next  step  in  a  detailed  in- 
vestigation would  be  quantitative  analysis 
at  selected  points  of  interest  revealed  by  such 
a  study. 

Another  important  advantage  of  the  scan- 
ning microanalyzer  is  that  of  accurate  loca- 
tion of  the  electron  probe  on  a  selected  fea- 
ture. Since  this  is  carried  out  by  reference 
to  a  magnified  image  obtained  by  means  of 
the  probe  itself,  an  accuracy  of  better  than 
the  probe  diameter  is  attainable.  This  is 
shown  particularly  in  a  study  of  carbide 
particles  on  a  carbon  film  extraction  replica. 
In  this  case,  the  particles  may  be  well  below 
1/i  in  size,  so  that  a  large  fraction  of  the  in- 
cident electrons  is  transmitted,  and  the  ef- 
fect of  lateral  diffusion  is  reduced.  A  smaller 
x-ray  source  can  then  be  obtained  and  the 
resolution  of  the  microanalyzer  is  corre- 
spondingly improved.  Figure  7(a)  shows  the 
electron  scanning  image  of  carbide  particles 


extracted  from  a  steel  surface,  and  Figure 
7(b)  is  the  x-ray  emission  spectrum  plotted 
from  a  selected  particle  A,  which  is  seen  to 
contain  chromium  and  manganese.  The  di- 
ameter of  A  is  found  from  the  normal  elec- 
tron micrograph  of  the  same  field  (Figure 
7(c))  to  be  about  3000A.  It  is  thus  possible  to 
analyze,  at  least  qualitatively,  individual 
particles  on  or  below  the  limit  of  resolving 
power  of  the  optical  microscope,  and  a  wide 
range  of  applications  in  conjunction  with  the 
electron  microscope  is  foreseen. 

Other  applications  have  included  studies 
of  segregation  and  nonmetallic  inclusions  in 
steel,12' 18  manganese  distribution  in  three- 
phase  aluminium-bronze,12  fracture  surface 
precipitates  in  beryllium,12  crystallization  in 
copper-bismuth  alloy,11  ex-solution  inter- 
growth  in  natural  minerals,10  and  tin  oxide 
particles  in  human  lung  section. 

Conclusions 

The  x-ray  scanning  microanalyzer  has  al- 
ready proved  a  useful  tool  for  the  analysis 
of  regions  down  to  I/*  in  size  and  of  elements 
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FIG.  6.  Iron  rich  dendrites  in  Fe-Cu-Ni-Sn  alloy,  (a)  Optical  image,  (b)  Electron  scanning 
image,  (c)  X-ray  scanning  image  selecting  Fe  Ka  radiation,  (d)  Distribution  of  iron  along  line  AB 
intersecting  dendrite. 


down  to  12  in  atomic  number.  Present  work 
is  directed  towards  improving  both  these 
limits,  which  have  in  common  the  need  for 
using  a  lower  accelerating  voltage  than  the 
normal  2(HtO  kV;  the  reduced  electron  pene- 
tration improves  the  resolution  in  a  thick 
specimen  and  cuts  down  the  strong  absorp- 
tion which  the  long-wavelength  characteris- 
tic emission  of  light  elements  undergoes  on 
leaving  the  specimen. 

To  maintain  sufficient  x-ray  intensity  with 
improved  resolution,  some  way  must  thus  be 
found  of  materially  increasing  ke ,  k0 ,  or  k9  in 
equation  1,  as  noted  previously.  The  greatest 
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room  for  improvement  lies  in  the  factor  fct 
representing  the  efficiency  of  the  x-ray  de- 
tecting system;  present  curved  crystal  spec- 
trometers make  use  of  only  about  10~5  of  the 
total  emitted  radiation.  With  a  proportional 
counter  mounted  dose  to  the  specimen,  kt 
can  be  increased  by  as  much  as  104  times, 
which  indicates  a  possible  improvement  of 
resolution  from  I/*  to  O.I/*.  The  disadvantage 
of  spectrometry  by  means  of  a  proportional 
counter  and  pulse  height  analyzer  is  that  the 
wavelength  resolution  is  comparatively  poor; 
the  K  radiations  from  elements  closer  than 
about  3  in  atomic  number  are  not  directly 
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resolved.  However,  a  proportional  counter 
may  be  used  where  the  characteristic  radia- 
tions are  sufficiently  far  apart,  and  a  resolu- 
tion of  0.3/i  has  already  been  demonstrated 
in  an  aluminum-tin  specimen,  using  a  voltage 
of  6  kV.  It  seems  likely  that  O.lju  will  eventu- 
ally be  obtained  in  a  specially  designed  sys- 
tem suitable  for  accelerating  voltages  in  this 
region. 

With  regard  to  the  extension  of  the  detec- 
tion system  to  wavelengths  longer  than  10A 
for  the  purpose  of  analyzing  elements  lighter 
than  magnesium,  it  seems  that  the  solution 
may  again  be  provided  by  the  use  of  a  pro- 
portional counter.  It  is  possible  to  use  a  dif- 
fraction grating  with  detection  by  an  electron 
multiplier,  but  the  efficiency  of  this  arrange- 
ment is  very  low,  precluding  its  use  in  a 
scanning  system.  For  this  reason,  Dolby,14' 15 
has  approached  the  problem  by  applying 
special  methods  of  pulse  analysis  to  the  pro- 
portional counter  to  effectively  improve  the 
wavelength  resolution.  One  method  has  been 
successfully  used  to  obtain  separate  scan- 
ning images  of  Mg,  Al  and  Si  present  in  one 
specimen.  There  seems  no  reason  why  this 
should  not  be  applied  to  C,  N  and  0,  ele- 
ments of  particular  interest  to  the  metal- 
lurgist and  biologist  alike,  once  a  suitably 
thin  window  for  the  counter,  transparent  to 
these  long  wavelengths,  has  been  found. 

Commercially  available  6/i  "Mylar"  forms 
too  thick  a  window  for  the  efficient  detection 
of  nitrogen  and  oxygen,  but  the  filtering  ac- 
tion of  this  carbon-rich  material  renders  it 
usable  in  the  detection  of  44i  carbon  K 
radiation.15  Scanning  images  of  graphite 
flasks  in  cast  iron  have  been  obtained  in  this 
way.12  For  nitrogen  and  oxygen,  a  thinner 
film  of  collodion,  or  some  similar  material 
which  can  be  cast  on  water,  appears  the  most 
promising,  though  difficulties  in  mounting 
and  supporting  it  on  a  mesh  at  present  make 
it  a  less  reliable  vacuum  wall.  It  is  likely, 
however,  that  these  technical  difficulties  will 
soon  be  overcome. 

Prospects  for  improving  both  the  resolving 
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FIG.  7.  Carbide  particles  in  extraction  replica 
from  steel,  (a)  Electron  scanning  image,  (b)  X-ray 
spectrum  from  particle  A.  (c)  Normal  electron 
micrograph  showing  A  to  be  about  3000  A  diameter. 

power  and  the  range  of  the  x-ray  scanning 
microanalyzer  are  thus  good.  However,  possi- 
ble applications  have  as  yet  been  only  super- 
ficially investigated,  and  much  work  remains 
to  be  done  within  the  present  limitations  of 
the  method. 
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SOLAR  X-RAYS 

Scientists  of  the  Naval  Research  Labora- 
tory succeeded  late  in  April  1960  in  obtain- 
ing the  first  x-ray  photograph  of  the  sun, 
iwng  an  Aerobee-Hi  rocket  to  carry  the 
camera  above  the  atmosphere.  The  sun's 
x-rays  do  not  penetrate  the  air  below  a  height 
of  60  miles.  The  photograph  shows  the  sun 
rimmed  by  a  bright  x-ray  halo  with  several 
intense  spots  of  bright  x-ray  emission  dis- 
tributed over  the  disk.  The  significance  of  the 
photograph  was  explained  to  the  Symposium 
on  Solar  Emissions  and  the  Interplanetary 
Medium  of  the  National  Academy  of  Sci- 
ences and  the  American  Geophysical  Un- 
ion, April  28,  1960  at  Washington,  D.  C. 
by  Dr.  Herbert  Friedman,  Superintendent 
of  the  Atmosphere  and  Astrophysics  Divi- 
sion of  the  TJ.  S.  Naval  Research  Laboratory. 

The  visible  disk  of  the  sun  is  characterized 
by  a  surface  temperature  of  6000°  K.  Ex- 
tending high  above  the  disk  is  the  thin  outer 
atmosphere  of  the  sun— its  corona.  Because 
its  brightness  is  only  one  millionth  that  of 
the  disk— roughly  equal  to  the  full  moon — 
the  corona  can  be  seen  only  during  a  total 
eclipse,  at  which  time  it  appears  to  stretch 
millions  of  miles  into  space.  The  coronal  gas 
is  very  tenuous  but  very  hot,  the  average 
temperature  being  about  a  million  degrees 
with  local  hot  spots  reaching  perhaps  ten 
million  degrees.  At  this  very  high  tempera- 
ture the  gas  is  completely  ionized,  and  the 
electrons  race  about  at  such  high  speeds  that 
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their  collisions  with  the  heavy  nuclei  gener- 
ate x-rays.  The  x-ray  intensity  has  been 
measured  from  rockets  and  has  been  found 
to  play  an  important  role  in  the  formation 
of  the  ionosphere,  which  in  turn  controls 
long-range  radio  communiaction. 

The  accompanying  photograph  is  the  first 
ever  made  of  the  sun  in  its  x-ray  emis- 
sion. The  experiment,  prepared  by  Ensign 
Richard  L.  Blake  and  Mr.  Arlyn  E.  Un- 
zicker  of  the  Naval  Research  Laboratory, 
was  flown  in  an  Aerobee-Hi  rocket  from 
White  Sands  Missile  Range  on  April  19  at 
7:30  a.m.,  local  time.  To  recover  the  camera, 
the  instrumentation  section  was  separated 
from  the  rocket  before  impact  and  para- 
chuted to  the  ground.  Because  x-rays  cannot 
be  f  ocused  by  lenses  or  mirrors  in  the  manner 
of  visible  or  ultraviolet  light,  a  simple  pinhole 
camera  was  used.  Every  school  boy  has  at 
sometime  or  other  poked  a  pinhole  in  one 
end  of  a  shoe  box,  cut  a  square  patch  out 
of  the  other  end  of  the  box,  and  covered  it 
with  tissue  paper  to  make  a  pinhole  camera. 
The  image  on  the  tissue  paper  appears  in- 
verted and  its  size  is  proportional  to  the 
length  of  the  box.  The  finer  the  pinhole,  the 
sharper  the  image. 

For  the  x-ray  camera,  the  pinhole  was  five 
thousandths  of  an  inch  in  diameter  and  the 
camera  was  six  inches  long.  The  pinhole  was 
covered  by  a  thin  plastic  film  supporting  an 
opaque  coating  of  aluminum.  In  this  way 
visible  light  was  blocked  but  x-rays  were 
passed.  The  wavelengths  effectively  trans- 
mitted were  in  the  range  20  to  60A.  Because 
the  sun  subtends  an  angle  to  one-half  de- 
gree, the  image  on  the  film  at  the  back  end 
of  the  camera  was  only  one-twentieth  of  an 
inch  in  diameter.  The  accompanying  photo- 
graph is  a  direct  enlargement  of  the  original 
film.  During  the  rocket  flight  to  130  miles 
above  the  White  Sands  Missile  Range,  the 
pinhole  camera  was  mounted  on  a  biaxial 
pointing  control  which  aimed  the  camera  at 
the  sun  throughout  the  flight.  Although  the 
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(Official  U.  S.  Navy  Photograph} 

FIG.  1.  X-ray  photograph  of  the  sun  made  by  Ensign  Richard  L.  Blake,  USN  and  Mr.  Arlyn  E. 
Unzicker,  U.  S.  Naval  Research  Laboratory.  Photograph  was  obtained  from  an  Aerobee-Hi  rocket 
launched  from  the  Naval  Missile  Test  Facility  at  White  Sands  Missile  Range,  April  19, 1960. 


pointing  was  accurate  to  one-half  minute  of 
arc  or  one-sixtieth  of  the  solar  diameter,  the 
rocket's  motion  caused  the  camera  to  turn 
slowly  about  its  axis  as  the  flight  progressed. 
Thus  any  details  in  the  photograph  were 
smeared  through  concentric  arcs  of  about  150 
degrees.  The  smearing,  however,  did  not 
obliterate  the  most  interesting  features  of 
the  photograph. 

According  to  Dr.  Friedman,  the  bright 
ring  around  the  periphery  of  the  disk  repre- 
sents the  thickness  of  the  coronal  atmosphere 
from  which  the  x-rays  are  emitted.  Because 
this  shell  of  gas  is  completely  transparent  to 
its  x-ray  emission,  it  looks  dimmest  near  the 
center  where  the  emitting  region  in  the  line 


of  sight  is  thinnest.  Looking  edgewise 
through  the  shell,  the  thickness  is  much 
greater  and  the  rim  appears  correspondingly 
brighter.  Virtually  all  of  the  x-ray  emission 
is  confined  to  a  height  of  about  one-fifth  of 
a  solar  radius  above  the  disk. 

At  the  time  of  flight,  a  bright  visible  plage 
of  calcium  light  appeared  near  the  center  of 
the  disk,  just  below  the  equator.  The  same 
region  seems  to  be  responsible  for  a  brilliant 
x-ray  emission.  In  spite  of  the  smearing  re- 
sulting from  the  camera  rotation,  there  is 
clear  evidence  that  most  of  the  x-ray  emission 
originates  in  a  few  localized  areas  of  the 
corona. 

(From  an  official  news  release.) 
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X-RAY  TELESCOPE  FOR  THE  MOO  A  REGION 

The  recent  pinhole  radiograph  of  the  sun 
made  by  Friedman  [1960J  clearly  points  up 
the  need  for  image-forming  devices  to  focus 
on  solar  and  other  x-ray  sources  in  space.  In 
the  wavelength  region  from  about  100  A  to 
1000  A  the  zone  plate  described  by  Baez 
[1960]  should  work  well  for  intense  sources. 
But  the  zone  plate  is  a  highly  chromatic 
device  and  therefore  it  is  limited  to  the 
study  of  sources  that  emit  line  spectra  or 
radiation  that  can  be  monochromatized. 
There  is  need  for  achromatic  image-forming 
devices  that  are  faster  than  the  zone  plate 
and  can  operate  in  the  shorter  wavelength 
region  from  about  1  A  to  100  A.  Two  such 
devices  are  described  below.  A  crude  proto- 
type of  the  first  has  been  built  and  has  made 
the  pictures  shown  in  Figures  1  and  2.  The 
second  device  is  a  contemplated  refinement 
of  the  first  for  which  components  are  being 
designed  and  constructed. 

The  first  telescope  consists  of  two  thin, 
plane,  glass  mirrors  each  approximately  1 


FIG.  1.  The  image  of  a  small  hole  illuminated  by 
2537  A  radiation  made  by  the  plane  mirror  multi- 
ple crossed-mirror  system.  The  large  area  with  thin 
white  lines  through  it  was  produced  by  the  direct 
beam.  Above  this  is  the  exposed  region  produced 
by  the  rays  that  were  reflected  only  by  the  first  set 
of  mirrors.  To  the  left  of  the  direct  beam  is  the  re- 
gion produced  by  rays  that  were  reflected  only  by 
the  second  set  of  mirrors.  In  the  upper  left  hand 
corner  is  the  image  of  the  source.  It  was  formed  by 
light  reflected  from  both  sets  of  mirrors. 
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FIG.  2.  To  show  that  a  multiple  crossed-mirror 
system  is  capable  of  producing  an  image  of  an  ex- 
tended object,  an  opening  in  the  shape  of  a  ques- 
tion mark  was  illuminated,  by  transmission,  with 
white  light.  Its  image  appears  in  the  upper  left. 
The  other  regions  represent  the  direct  beam,  and 
the  beams  that  experienced  reflection  at  only  one 
of  the  two  mirror  arrays  as  explained  in  Fig.  1. 

in.  x  3  in.  disposed  like  the  shades  of  a  Vene- 
tian blind,  followed  by  an  identical  array  at 
right  angles  to  the  first.  The  effect  of  the 
first  set  alone  would  be  to  take  x-rays  from  a 
point  source  at  infinity  and  focus  them  on  a 
line  whose  width  is  determined,  to  a  first  ap- 
proximation, by  the  product  of  the  mirror 
width  and  the  sine  of  the  grazing  angle  of 
incidence.  The  long  edges  of  the  mirrors  are 
parallel  but  the  normals  to  the  reflecting  sur- 
faces make  slightly  different  angles  with  the 
incident  beam  so  that  all  reflected  beams  co- 
incide in  a  chosen  focal  plane  normal  to  the 
reflected  beams.  The  effect  of  the  second  set 
of  mirrors  is  to  take  the  rays  reflected  by  each 
of  the  first  mirrors  and  reflect  them  into  a 
small  rectangle.  This  rectangle  represents  the 
approximate  image  of  the  point  source  at 
infinity.  Both  its  height  and  width  are  deter- 
mined by  the  mirror  widths  and  the  grazing 
angles  of  incidence.  With  x-rays,  the  mirror 
widths  can  be  made  very  small  before  diffrac- 
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tion  effects  start  widening  the  beam.  There- 
fore, good  resolution  is  possible. 

Figure  1  shows  the  image  of  a  small  hole 
illuminated  by  2537  A  radiation  made  by  the 
multiple  crossed-mirror  system.  The  large 
area  with  thin  white  lines  through  it  was 
produced  by  the  direct  beam;  that  is,  by  that 
portion  of  the  incident  beam  that  missed 
both  of  the  mirror  systems.  Above  this  di- 
rect beam  can  be  seen  the  area  produced  by 
the  rays  that  were  reflected  by  the  first  set  of 
mirrors  but  that  missed  the  second  set.  To 
the  left  of  the  direct  beam  is  an  area  pro- 
duced by  the  rays  that  hit  the  second  mirror 
system  but  that  missed  the  first.  In  the  upper 
left  hand  corner  is  the  spot  formed  by  the 
light  that  struck  both  sets  of  mirrors;  it 
represents  the  image  of  a  small  source. 

To  show  that  the  system  is  capable  of  pro- 
ducing an  image  of  an  extended  object,  we 
illuminated  an  opening  in  the  shape  of  a 
question  mark.  Its  image  formed  by  a  multi- 
ple crossed-mirror  system  with  four  mirrors 
in  each  array  and  using  white  light  is  shown 
in  Figure  2.  The  rays  that  experienced  only 
single  reflections  can  be  identified  by  refer- 
ence to  the  remarks  made  about  Figure  1. 

With  this  multiple  crossed-mirror  system 
the  image  of  a  distant  point  source  resembles 
that  produced  by  a  rectangular  pinhole  since 
each  crossing  of  two  mirrors  at  right  angles 
to  one  another  presents  effectively  a  small 
rectangular  "window"  for  the  radiation. 
From  the  point  of  view  of  total  flux  gathered, 
a  system  with  n  mirrors  in  each  array  is 
equivalent  to  n2  pinholes,  each  pouring  all 
its  energy  into  the  same  spot. 

The  advantages  of  the  system  include  sim- 
plicity of  construction,  approximately  true 
point-to-point  image-forming  characteristics, 
absence  of  chromatic  aberration,  and  speed 
(large  flux  gathering  capabilities). 

The  second  telescope  is  a  contemplated 
improvement  of  the  first  to  be  made  by  curv- 
ing the  mirrors  so  that  each  one  effectively 
becomes  a  section  of  a  right-circular  cylinder. 
The  axes  of  all  the  cylinders  would  be  parallel 


to  one  another  and  perpendicular  to  the  in- 
coming beam.  Curving  the  mirrors  will 
greatly  improve  the  resolving  power  of  the 
system  and  the  intensity  of  illumination  at 
the  image.  At  grazing  incidence,  spherical 
surfaces  may  be  used  instead  of  cylindrical 
ones  with  no  practical  loss  in  resolution  as 
has  been  demonstrated  by  Kirkpatrick  [1948, 
1957]  with  reflection  x-ray  microscopes. 

Spherical  mirrors  are  easier  to  grind  than 
cylindrical  ones  and  are  more  stable  than 
cylindrical  mirrors  made  by  bending  flat 
plates  in  the  manner  of  Ehrenberg  [1947]. 
Experience  with  crossed-mirror  systems  in 
x-ray  microscopy  has  shown  that  they  can 
be  effective  even  at  wavelengths  as  short  as 
1.5  A.  Many  of  the  restrictions  on  these  sys- 
tems are  eased  at  longer  wavelengths;  there- 
fore, the  useful  range  of  multiple  crossed- 
mirror  systems  is  likely  to  be  1  A  to  100  A 
or  beyond.  A  detailed  summary  of  theoretical 
and  experimental  results  will  be  submitted 
to  the  Journal  of  the  Optical  Society  of  Amer- 
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X-RAY  VIEW  OF  THE  PETROLEUM  INDUSTRY 

The  petroleum  industry  may  be  broadly 
subdivided  into  four  branches:  producing, 
refining,  transportation,  and  marketing.  Ex- 
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ploration  to  find  crude-petroleum  reserves, 
drilling,  and  recovering  petroleum  from  the 
underground  reservoirs  are  all  included  in 
the  term  "producing."  From  one  raw  ma- 
terial, the  petroleum  industry  manufactures 
hundreds  of  products  through  various  refin- 
ing processes.  Transportation  involves  the 
handling,  storage,  and  movement  of  raw 
materials  and  refinery  products.  Marketing 
puts  these  products  into  the  hands  of  the  ul- 
timate consumer. 

The  raw  material  and  the  products  of  the 
petroleum  industry  consist  mainly  of  liquid 
hydrocarbons.  Although  these  hydrocarbons 
can  be  better  studied  by  other  methods, 
x-ray  methods  are  useful  in  attacking  a  wide 
variety  of  problems  in  the  petroleum  in- 
dustry. They  are  invaluable  in  the  study  and 
understanding  of  corrosion,  which  costs  the 
industry  more  than  five  billion  dollars  an- 
nually. Impurities  in  hydrocarbon  liquids 
and  extraneous  substances  added  to  improve 
the  properties  of  hydrocarbon  products  can 
be  detected  and  measured  by  x-ray.  Many 
refining  processes  involve  solid  reactions  and 
materials,  which  can  also  be  studied  by 
x-ray. 

Although  x-ray  diffraction  has  been  used 
in  studying  crystal  structures  for  a  half- 
century,  the  use  of  x-ray  methods  in  the 
petroleum  industry  as  a  routine  analytical 
tool  is  relatively  recent.  A  rapid  growth  in 
the  use  of  diffraction,  x-ray  emission,1  and 
absorption2  is  largely  due  to  the  availability 
of  commercial  diffractometers.  Most  of  the 
commercial  instruments  originated  from 
Friedman's  design.8 

More  than  a  decade  has  passed  since  a 
comprehensive  review4  of  the  application  of 
x-ray  methods  to  the  petroleum  industry  was 
published.*  In  the  intervening  years,  many 
new  uses  for  this  versatile  technique  have 
been  found,  expecially  in  the  producing  and 
refining  branches  of  the  industry. 

*  The  present  review,  except  for  revisions  and 
updating  of  bibliography,  was  first  published  by 
the  author  in:  Norelco  Reporter,  5,  35  (1958). 
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Producing 

With  increasing  demands  for  petroleum 
products,  the  need  for  finding  new  sources 
of  raw  petroleum  is  ever-increasing.  Under- 
ground petroleum  reserves  are  known  to 
occur  in  certain  geological  formations  and 
rock  strata.  In  identifying  and  classifying 
rocks  and  geological  formations,  x-ray  dif- 
fraction has  been  used  to  advantge.8  For 
example,  the  proportions  of  crystalline  con- 
stituents of  rocks  can  be  determined  by  using 
the  relative  reflection  intensities  and  the  ab- 
sorption coefficients  of  the  pure  crystalline 
components  for  calibration.  X-ray  emission 
spectrometry  has  been  used  to  determine 
strontium  and  calcium  in  calcarious  oil-bear- 
ing formations6;  barium,  titanium,  and  zinc 
in  marine  sediments7;  and  heavy  metals  in 
oil-field  waters  and  brines.8 

In  drilling  operations,  x-ray  diffraction  can 
determine  the  nature  of  underground  strata. 
In  addition  to  rock  analyses,  certain  types 
of  clays  can  be  characterized  by  x-ray  dif- 
fraction.9 Some  montmorillonite  clays  swell 
upon  absorption  of  water  from  normal  drill- 
ing fluids  and  tend  to  cave  into  the  well 
being  drilled.  If  such  clays  are  promptly 
identified  by  x-ray,  cave-in  problems  can  be 
avoided  by  switching  to  an  oil-base  drilling 
fluid. 

An  oil  reservoir  contains  three  principal 
fluids:  oil,  gas,  and  water.  The  underground 
distribution  of  these  fluids  is  important  in 
determining  the  amount  of  petroleum  that 
can  be  recovered  from  a  reservoir.  X-ray 
methods  have  been  used  to  determine  oil 
saturation  and  fluid  distribution  in  reservoir- 
strata  samples.10  By  adding  specific  oil-solu- 
ble or  water-soluble  heavy-metal  compounds 
as  tracers,  x-ray  absorption  can  establish 
relationships  between  permeability  and  oil 
saturation  in  rock  samples. 

The  crude  petroleum  from  the  well  con- 
sists of  gases  and  liquids.  The  separated 
gases  may  be  sold  as  fuel  or  used  in  the 
manufacture  of  carbon-black.  The  petroleum 
industry  is  concerned  chiefly  with  the  liq- 
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uids,  which,  are  stored  in  field  tanks  for 
transportation  to  refineries  where  they  are 
made  into  various  products. 

Refining 

Refining  processes  may  be  broadly  subdi- 
vided into  three  classes:  separation,  conver- 
sion, and  finishing.  The  separation  processes 
use  such  physical  methods  as  distillation, 
extraction,  and  crystallization.  Conversion 
processes  use  such  chemical  methods  as 
cracking,  reforming,  coking,  polymerization, 
alkylation,  and  isomerization.  Finishing  op- 
erations include  elimination  of  impurities 
and  addition  of  materials  to  improve  prod- 
uct quality. 

Separation.  Separation  processes  gen- 
erally divide  the  hydrocarbons  into  two 
phases.  A  liquid  and  a  vapor  phase  are 
produced  in  distillation,  two  liquid  phases 
in  extraction,  and  a  liquid  and  a  solid  phase 
in  crystallization.  In  distillation  and  ex- 
traction processes,  only  indirect  use  can  be 
made  of  x-rays,  but  they  can  be  applied 
directly  to  processes  involving  solid  crystal- 
line substances. 

Distillation.  As  a  primary  step  in  refining, 
hydrocarbon  mixtures  of  different  boiling 
ranges  are  separated  by  continuous  fractional 
distillation.  Because  the  products  are  liquids 
and  vapors,  such  methods  as  infrared  ab- 
sorption and  mass  spectrometry  are  gener- 
ally more  useful  than  x-rays.  However,  one 
x-ray  diffraction  technique11  permits  iden- 
tification of  the  heavier  hydrocarbons  by 
freezing  them  in  a  special  cryostat.  If  the 
specimen  chamber  is  cooled  directly  with 
liquid  nitrogen,  alkanes  with  carbon  num- 
bers as  low  as  six  may  be  frozen  and  studied 
by  x-ray.  A  study  of  heavier  arenes  in  the 
solid  state12  showed  that  even  isomers  could 
be  characterized  by  their  diffraction  pat- 
terns. Further  improvement  in  such  tech- 
niques may  provide  a  method  for  identify- 
ing petroleum  hydrocarbons  in  the  frozen 
state.  However,  in  applying  such  powder- 
diffraction  techniques  to  unknown  mixtures 


of  hydrocarbons,  extreme  care  is  necessary 
to  avoid  anomalous  interpretations. 

Extraction.  In  extraction  processes,  a  liq- 
uid solvent  selectively  dissolves  and  removes 
specific  hydrocarbons  from  the  liquid  pe- 
troleum. Separation  is  easiest  when  the  com- 
ponents differ  widely  in  solubility,  as  arenes 
and  alkanes  do.  A  common  example  is  the 
separation  from  lubricating  oils  of  undesir- 
able asphalts,  which  are  insoluble  in  the 
solvent  chosen.  In  extraction  processes,  x-ray 
methods  offer  little  promise,  except  for  the 
possible  use  of  a  frozen-sample  technique. 
However,  x-ray  diffraction  has  been  used  to 
study  colloidal  asphaltene  particles  sepa- 
rated by  solvent  extraction  from  asphalts18; 
the  similarity  in  spacing  of  the  Debye  re- 
flections of  these  asphaltenes  with  those  of 
basal  graphite14  suggests  a  fundamental  reg- 
ularity in  the  arrangement  of  arene  rings  in 
these  materials.16 

Crystallization.  Crystallization  processes 
would  appear  to  be  a  natural  field  for  prolific 
x-ray  work.  However,  because  of  interpreta- 
tional  difficulty  of  the  powder-diffraction 
technique  when  applied  to  many  hydrocar- 
bons, x-ray  methods  have  been  used  mainly 
in  studying  structures. 

Lubricating  oils  are  dewaxed  by  crystalli- 
zation. The  crystalline  wax  is  separated  by 
filtration  at  low  temperatures  and  may  be 
purified  and  marketed.  The  spacings  be- 
tween carbon  atoms  in  solid  paraffin  waxes 
have  been  measured16  by  x-ray  diffraction. 
Hydrocarbons  such  as  naphthalene,  para- 
xylene,  and  cyclohexane  can  also  be  sepa- 
rated from  petroleum  streams  by  crystalliza- 
tion. Structural  details  of  naphthalene  have 
been  clearly  established  by  single-crystal 
diffraction.17 

A  recent  process — clathrate  separation — 
involves  selectively  complexing  certain  hy- 
drocarbons with  such  crystals  as  urea,  thio- 
urea,  and  quinols.  The  clathrate  crystals 
have  channels,  honeycombs,  or  cage-like 
spaces  within  their  structures.  Therefore,  a 
mixture  of  hydrocarbon  molecules  that  differ 
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in  size  or  shape,  but  axe  otherwise  similar, 
may  be  separated  by  introducing  them  into 
suitably  sized  and  shaped  spaces  in  the 
clathrate  crystals.  This  process  has  been  used 
for  dewaxing  petroleum  streams,  and  for 
separating  hydrocarbons  with  boiling  points 
too  close  for  separation  by  distillation. 
X-ray  diffraction18' 19  showed  that  complexes 
of  urea  with  various  n-alkanes  had  identical 
structures  different  from  that  of  uncom- 
plexed  urea.  Details  of  urea-complex  struc- 
tures have  been  worked  out  by  single-crystal 
diffraction.19* 20 

Conversion.  Many  of  the  products  from 
the  separation  processes  undergo  some  con- 
version before  finishing  for  sale.  The  mam 
purpose  of  conversion  processes  is  to  maxi- 
mize the  output  of  the  most  desirable  gaso- 
line components,  in  terms  of  both  quality 
and  quantity.  In  automobile  engines,  arenes 
and  branched  alkanes  have  better  antiknock 
properties  or  higher  "octane  number"  than 
n-alkanes.  Therefore,  most  conversion  proc- 
esses are  specifically  designed  to  maximize 
these  components. 

With  greater  use  of  catalysts  in  these 
processes,  x-ray  methods  have  been  of  real 
service.  X-ray  diffraction  studies  of  catalyst 
structures  have  led  to  better  understanding 
of  the  mechanism  of  catalytic  reactions  and 
the  role  of  the  active  component  of  the 
catalyst.  Particle  and  crystallite  sizes  of  cata- 
lysts are  closely  related  to  surface  area  and 
catalytic  activity.  Small-angle  x-ray  scatter- 
ing permits  measurement  of  catalyst  par- 
ticle size.21  Line  broadening,  measured  in  the 
back-reflection  region  and  corrected  for  in- 
strumental factors,  has  been  used  to  deter- 
mine catalyst  crystallite  size22  but  is  subject 
to  errors  due  to  non-uniform  residual  stresses 
in  the  crystal  lattice. 

Crocking.  The  earliest  conversion  process 
— cracking  of  heavier  distillation  products  to 
gasoline — is  still  by  far  the  most  important. 
When  large  hydrocarbon  molecules  are 
heated  to  high  enough  temperatures  and 
pressures,  or  activated  by  catalysts,  they 
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tend  to  split  or  crack  into  smaller  individual 
units.  More  than  half  of  the  crude  petroleum 
processed  in  the  United  States  is  finally 
marketed  as  gasoline.  The  average  crude 
petroleum  yields  about  one-third  its  volume 
of  gasoline  by  distillation,  but  this  amount 
is  doubled  by  cracking. 

Because  catalytic  cracking  leads  to  more 
gasoline  of  higher  quality,  it  has  almost  com- 
pletely replaced  the  older  thermal  process. 
Cracking  catalysts  may  be  used  in  the  form 
of  pellets  in  a  stationary  bed  or  as  a  fluidized 
bed  of  fine  particles  suspended  in  the  vapor- 
ized hydrocarbon.  Silica-on-alumina  is  the 
most  common  cracking  catalyst,  but  silica- 
on-magnesia,  acid-treated  clays,  and  even 
blast-furnace  slag  have  been  used.  Although 
x-ray  methods  are  not  used  to  determine  the 
quality  of  the  product,  they  have  been  used 
to  measure  impurities  in  catalysts  and  crack- 
ing feeds.  X-ray  emission  methods  have  per- 
mitted rapid  and  quantitative  determination 
of  such  trace  impurities  as  iron,  nickel,  and 
vanadium  in  silica-on-alumina  catalysts28  or 
in  cracking  feeds.24  Molybdenum  and  zinc  in 
liquid  petroleum  have  been  determined  by 
absorption-edge  spectrometry26;  nickel  in 
various  petroleum  liquids  has  been  analyzed 
by  x-ray  emission  methods,  using  cobalt  as 
an  internal  standard.26 

Reforming.  Reforming  is  a  complex  process 
in  which  dehydrogenation,  cyclization,  and 
isomerization  are  used  to  upgrade  the  gaso- 
line obtained  directly  from  distillation  of 
crude  petroleum.  Because  most  arenes  in  the 
gasoline  boiling  range  have  octane  numbers 
above  100,  making  more  of  them  is  the 
primary  objective.  As  catalysts,  molybdena 
and  platinum,  supported  on  alumina,  are 
commonly  used.  Dehydrogenation  —  the 
main  reaction — decreases  the  hydrogen:  car- 
bon ratio  and  liberates  hydrogen  as  a  useful 
by-product.  Reforming  also  removes  sulfur, 
which  is  often  an  undesirable  impurity  in 
petroleum. 

X-ray  emission  has  been  applied  to  the 
rapid  and  accurate  analysis  of  platinum-on- 
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alumina  catalysts.27  Absorption-edge  spec- 
trometry  has  been  used  to  determine  the 
amount  of  molybdena  or  platinum  in  cata- 
lysts.25 Diffraction  experiments  in  a  reactor, 
transparent  to  X-rays,  permitted  the  study 
of  chemical  interactions  on  metal-oxide  cata- 
lysts in  situ?*;  the  oxidation  states  of  molyb- 
dena-on-alumina  catalysts  in  reducing  and 
oxidizing  atmospheres  were  so  determined. 
Sulfur-corrosion  problems  in  reforming  proc- 
ess equipment  have  also  been  studied  by 
x-ray  diffraction. 

Coking.  Destructive  decomposition  of  the 
heavy  residues  from  distillation  of  crude 
petroleum  yields  primarily  a  lighter  fraction 
with  a  high  hydrogen: carbon  ratio  and  a 
heavier  semisolid  fraction  with  a  low  hy- 
drogen: carbon  ratio.  The  lighter  material  is 
suitable  feed  for  catalytic  cracking.  The 
heavier  material— coke— may  be  burned  as 
fuel  or  sold  as  a  by-product. 

Both  Bragg  x-ray  diffraction29  and  low- 
angle  scattering80  have  contributed  much  to 
the  understanding  of  the  fundamental  struc- 
ture of  coke.  These  methods  have  revealed 
the  turbostratic  layer  structure  of  coke,  and 
the  increasing  order  that  develops  between 
the  "graphite"  layers  as  more  hydrogen  is 
lost  at  higher  temperatures. 

Other  Processes.  Polymerization  recom- 
bines  gaseous  olefins  from  the  catalytic 
cracking  process  to  form  a  wide  variety  of 
products  from  gasoline  components  to  solids 
used  as  plasticizers.  Alkylation  combines  gas- 
eous alkanes  and  olefins  to  produce  branched 
isoalkanes,  which  are  blended  into  gasolines. 
Isomerization  converts  low-octane  n-alkanes 
to  high-octane  branched  ones.  Although  im- 
portant to  the  refiner,  these  three  processes 
are  not  subject  to  direct  x-ray  study,  except 
for  equipment-corrosion  problems  associ- 
ated with  the  use  of  corrosive  acid  catalysts. 

Finishing.  After  separation  and  con- 
version, many  products  have  to  be  further 
treated  to  impart  desired  properties.  Such 
finishing  operations  usually  involve  either 
removal  of  some  undesired  component  or 


addition  of  some  extraneous  substance  to 
alter  physical  or  chemical  behavior.  In  both 
the  removal  of  impurities  and  the  use  of 
additives,  x-ray  methods  have  been  used 
extensively. 

Removal  of  Impurities.  Sulfur,  the  most 
abundant  impurity  in  petroleum,  must  be 
controlled  to  carefully  specified  levels  in 
petroleum  products.  "Sweetening"  processes 
eliminate  or  modify  reactive  or  noxious  sul- 
fur compounds,  such  as  mercaptans.  Less- 
reactive  sulfur  compounds  can  be  removed 
by  catalytic  desulfurization.  X-ray  methods 
have  been  proposed  for  checking  sulfur  levels 
of  gasoline,  fuel  oils,  and  crude  petroleum. 

An  x-ray  emission  spectrometer81  has  been 
used  to  determine  sulfur  in  gasoline  and  light 
hydrocarbons.  Because  of  the  long  wave- 
length and  high  absorption  of  the  character- 
istic x-ray  spectrum  from  sulfur,  the  spec- 
trometer was  operated  in  a  vacuum.  The 
apparatus  lacked  the  desired  sensitivity;  but 
by  decreasing  the  distance  between  x-ray 
source  and  specimen,  a  nine-fold  increase  in 
sensitivity  was  anticipated. 

Various  x-ray  absorption  methods  have 
been  proposed  for  determining  sulfur  in  fuel 
oils,  crude  petroleum,  and  other  hydrocar- 
bons. The  hydrogen:  carbon  ratio  affects 
these  sulfur  determinations.  By  using  a  sul- 
fur-free hydrocarbon  for  reference  or  by 
using  monochromatic  x-ray,  such  effects 
upon  the  measured  absorption  can  be 

•minimized. 

Several  polychromatic  absorption  methods 
have  been  developed.82'  w* M  An  interesting 
technique86  involves  use  of  two  x-ray  beams 
from  a  single  source,  one  passing  through  the 
sample,  and  the  other  through  a  reference 
hydrocarbon;  it  compares  favorably  in  pre- 
cision and  accuracy  with  the  more  tedious 
chemical  methods  conventionally  used.  In 
determining  sulfur  in  crude  petroleum,  ab- 
sorption methods85* 86  are  somewhat  less 
precise  because  of  the  presence  of  impurities; 
however,  the  double-beam  method88  is 
claimed  to  be  as  accurate  as  standard  chem- 
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ical  methods.  A  novel  method87  makes  use 
of  K-capture  x-rays  from  an  Fe"  source, 
instead  of  the  usual  generator;  because  of 
low  equipment  cost,  this  method  may  prove 
useful  in  controlling  refinery  operations  de- 
spite low  sensitivity.  Recent  comparison  of 
the  K-capture  method  with  x-ray  emission 
methods  show  that  similar  accuracy  may  be 
achieved,  using  either  technique.88 

Monochromatic  absorption  methods  can 
be  made  independent  of  hydrogen: carbon 
ratio  by  proper  choice  of  x-ray  wavelength. 
The  mass  absorption  coefficients  of  hydrogen 
and  carbon  are  equal  at  about  0.5  A.  A 
method  involving  use  of  the  molybdenum 
K-alpha  radiation  at  0.71  A  approaches  the 
accuracy  of  standard  chemical  methods.89 
Recently,  greater  accuracy  was  claimed  for 
a  similar  technique  based  on  fluorescent 
palladium  K-alpha  radiation  at  0.59  A.40 

Other  impurities,  such  as  nitrogen,  oxy- 
gen, and  highly  unsaturated  hydrocarbons 
that  can  oxidize  to  acids  or  polymerize  to 
gums,  are  undesirable  from  the  petroleum 
refiner's  viewpoint.  However,  because  of  the 
low  atomic  number  of  the  elements  involved, 
x-ray  methods  are  generally  not  applicable 
to  them. 

Use  of  Additives.  Additives  are  used  in 
gasolines,  lubricating  oils,  and  greases  for 
different  reasons.  For  example,  some  im- 
prove burning  quality,  some  offset  adverse 
effects  of  temperature  on  physical  properties, 
and  some  prevent  deterioration  on  prolonged 
storage.  Best  known  is  tetraethyflead  (TEL), 
added  to  gasoline  to  control  combustion  and 
raise  octane  number. 

Various  x-ray  methods  have  been  devel- 
oped to  determine  the  TEL  content  of  gas- 
olines. Polychromatic  absorption  meth- 
ods^, 88,86,41.42  j^y  be  comparable  in 

precision  to  chemical  methods  for  gasolines 
of  invariant  composition.  However,  they 
suffer  interference  from  such  other  elements 
as  sulfur  and  the  halogens;  corrections  must 
be  applied  or  null  techniques  with  a  lead- 
free  reference  hydrocarbon  must  be  used. 

784 


Absorption  -  edge  spectrometry48  using 
characteristic  thorium  x-ray  lines,  lying  on 
either  side  of  the  lead-absorption  discon- 
tinuity, is  specific  and  independent  of  the 
matrix.  The  ratio  of  x-ray  transmittances 
measured  on  both  sides  of  the  absorption 
edge  is  not  affected  by  the  matrix.25' **  For 
determining  TEL,  the  x-ray  method48  is  less 
accurate  but  faster  than  chemical  methods. 

The  use  of  x-ray  emission  spectrometry45 
for  determining  TEL  in  gasoline  requires 
correction  for  hydrogen: carbon  ratio  or  den- 
sity of  the  hydrocarbons.  This  method  has 
been  used46  for  determining  lead  and  bro- 
mine in  aviation  gasolines;  by  compensating 
for  density  and  compositional  variables  in 
the  hydrocarbon,  or  by  using  internal  refer- 
ence standards  such  as  selenium,47  precision 
can  approach  that  of  chemical  methods. 

Recently,  use  of  manganese-carbonyl  com- 
plexes have  been  suggested  for  enhancing  the 
effect  of  TEL  on  octane  quality  of  gasolines. 
A  promising  x-ray  emission  method,  capable 
of  detecting  0.1  gm  Mn/gal  of  gasoline, 
appears  to  be  as  accurate  as  chemical  anal- 
ysis.48 

Additives  in  lubricating  oils  confer  such 
desirable  characteristics  as  detergency,  re- 
sistance to  oxidation,  and  temperature  sta- 
bility. Many  of  these  additives  are  phos- 
phates of  alkaline-earth  metals;  and  the 
rapid  determination  of  such  elements  as 
barium,  calcium,  and  zinc  is  needed  for 
manufacturing  control.  X-ray  emission 
methods,49  with  an  accuracy  similar  to  that 
of  chemical  methods,  look  promising  for  this 
application.  An  absorption  method  for  deter- 
mining zinc  in  lubricating  oil  has  also  been 


Greases  are  intimate  mixtures  of  lubricat- 
ing oil  and  thickener.  Thickeners  may  be 
soaps,  non-soap  organic  crystalline  com- 
pounds, modified  silica,  or  even  bentonite 
clays.  Most  greases  consist  of  microscopic 
networks  of  thickener  with  oil  held  in  the 
interstices.  X-ray  diffraction  has  been  used 
to  study  the  orientation  and  structures  of 
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the  thickener  particles.  Studies  by  the 
Schulz  technique50  show  a  variety  of  orienta- 
tion distributions  depending  upon  prepara- 
tion methods,  solids  involved,  and  externally 
applied  stress.51  X-ray  diffraction  has  char- 
acterized metal  soaps  used  as  thickeners,62 
and  detected  thermal  phase  transitions  in 
them.53  However,  the  powder-diffraction 
technique,  normally  used  in  such  studies, 
needs  care  in  interpretation  because  of  the 
presence  of  disordered  layer  lattices54;  a 
sample  having  unchanging  composition  but 
different  degrees  of  order,  may  give  different 
diffraction  patterns. 

Other  X-Ray  Applications 

X-ray  methods  are  also  used  indirectly  in 
the  other  two  major  branches  of  the  petro- 
leum industry — transportation  and  market- 
ing. The  storage,  transportation,  and  dis- 
tribution facilities  are  largely  metal  and  are 
continuously  subject  to  corrosion.  In  fact, 
the  petroleum  industry's  corrosion  problem 
begins  at  the  oil  well  and  continues  to  the 
tail-pipe  of  the  automobile.  Sulfur  com- 
pounds and  moisture  are  two  major  offend- 
ers. X-ray  diffraction  and  spectrometry  are 
fundamental  tools  in  the  study  of  corrosion 
problems. 

After  its  products  have  reached  the  con- 
sumer, the  petroleum  industry  must  be  con- 
cerned with  how  well  they  serve  him.  For 
example,  in  automotive  engines,  residues 
formed  upon  combustion  can  affect  the 
operation  or  life  of  the  engine  through  chem- 
ical or  physical  interaction.  X-ray  diffraction 
studies  of  such  engine  deposits55  have  re- 
vealed the  nature  of  some  of  the  problems 
and  possible  solutions  to  them.  Absorption- 
edge  spectrometry  has  been  suggested25  for 
determining  lead  and  bromine  in  engine 
deposits.  In  studying  the  mechanism  of 
lubrication,  x-ray  and  electron-diffraction 
techniques  are  indispensable56;  boundary- 
lubrication  films  and  the  role  of  metal  oxide- 
films  in  preventing  metal-to-metal  bonding 


have  been   studied   by   diffraction  meth- 
ods.56* 57 

In  recent  years,  petroleum  has  become  an 
important  source  of  organic  chemicals.  Petro- 
chemicals, from  natural  gas  and  petroleum, 
number  almost  three  thousand — with  new 
products  being  added  at  the  rate  of  four 
hundred  per  year.58  Solvents,  dyes,  ammonia, 
sulfur,  resins,  rubbers,  detergents,  insecti- 
cides, anesthetics,  explosives,  thermosetting 
plastics,  polymers,  hydrogen,  and  carbon- 
black  are  just  a  few  of  the  host.  In  the  de- 
velopment and  manufacture  of  some  of 
these  materials,  x-ray  diffraction  has  been 
especially  useful.  For  example,  in  m airing 
such  polymers  as  polyethylene  or  poly- 
propylene, the  ratio  of  crystalline  to  amor- 
phous polymer  must  be  controlled.  This 
ratio  can  be  determined  by  x-ray  diffrac- 
tion59; elaborate  instrumentation  has  been 
developed60  for  this  purpose. 

With  a  view  to  the  future,  the  petroleum 
industry  has  extensively  studied  raw  mate- 
rials other  than  crude  petroleum.  Synthetic 
liquid  fuels  from  hydrogenation  of  natural 
gas  or  coal  have  received  much  attention. 
Catalysts  used  in  such  syntheses  have  been 
advantageously  studied  by  x-ray  methods. 
For  example,  copper  acts  as  an  inhibitor  in 
nickel  catalysts  in  the  Fischer-Tropsch  proc- 
ess, but  it  is  a  promoter  in  ordinary  hydro- 
genation reactions.  X-ray-diffraction  data 
on  lattice  parameters  of  co-precipitated 
nickel-copper  catalysts  suggest  that  a  non- 
equilibrium  state  in  the  alloy  phase  may  be 
responsible  for  this  behavior.61  X-ray  study 
of  phase  composition,  dispersion,  and  lattice 
parameter  of  nickel-copper  skeletal  cata- 
lysts have  led  to  understanding  of  catalytic- 
reaction  mechanisms.62  A  new  iron  carbide 
phase — FeC — found  in  the  Fischer-Tropsch 
Synthesis  reaction  is  believed  to  be  an  active 
component.68 

Conclusion 

In  the  past  decade,  x-ray  methods  have 
played  an  increasingly  important  role  in  the 
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petroleum  industry.  With  further  automa- 
tion in  the  industry,  x-ray  methods  for 
automatic  and  continuous  process  control 
may  be  visualized  in  future  refineries.  In- 
creasingly complex  refining  processes,  the 
mushrooming  petrochemicals  industry,  and 
the  processing  of  new  raw  materials  will  un- 
doubtedly make  stronger  demands  on  the 
skill  and  ingenuity  of  the  x-ray  specialist. 
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